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ABSTRACT 
 
 
Models for simulating southern pine beetle (SPB), Dendroctonus frontalis Zimm., 
population dynamics and infestation risk are quite well developed. However, most of 
them are not spatially explicit models. In this study, a GIS-based model, SPBSPOT, is 
developed for simulating SPB spot growth using ArcGIS software with ArcObject and 
Visual Basic for Application. SPBSPOT is built by five subroutines. Individual interfaces 
are developed for each of them to allow users the flexibility to specify stand situations 
and design management scenarios based on their individual needs. Although integrated 
pest management systems are currently adopted, SPB management is still challenging 
because of diverse land ownership, dynamic forest landscapes, and uncertainty of 
management strategy effects. We incorporate SPBSPOT into a three-dimensional (3-D) 
visualization by using the visual simulator Visual Nature Studio. 3-D landscape 
visualization is comprised of multi-spatial, multi-temporal, and multi-expression 
elements. Supplemented with geographic information system (GIS) databases, remote 
sensing images, and simulation models, this technique can provide a comprehensive 
communication medium for decision makers, scientists, and the public with diverse 
backgrounds on the SPB management. In chapters three and four, we generate GIS maps 
of possible infestations as the basis of 3-D visualizations to simulate spatial patterns of 
spot growth under a variety of management scenarios (i.e., thinning, stand restoration, 
and stand species mixture). In chapter five, SPBSPOT is used to evaluate the ecological 
and economic effects of salvage operations under four levels of damage severity. In 
chapter six, an integrated technique of GIS, historic remote sensing images, and 3-D 
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visualization is used to construct a variety of realistic animations depicting effects 
following SPB infestations on different restoration scenarios (i.e., thinning and prescribed 
burning). The results indicate that 1) different silvicultural treatments are able to reduce 
the number of infested trees, but the overall impact on the affected area may not 
necessarily be changed, 2) thinning treatment responded best (i.e., least damage) to SPB 
infestation on forest restoration stands, while the thinning + burning treatment may have 
resulted in too much stress to increase the stand’s susceptibility, 3) salvage operation is 
not necessary for the light severity infestation, but it has critical effects for the higher 
severity ones. In conclusion, this well-organized GIS-based 3-D visualization can be used 
in the combination of complex information to enhance alternative management strategy 
evaluation.  
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CHAPTER ONE 
 
INTRODUCTION 
 
BACKGROUND 
Outbreaks of the southern pine beetle (SPB), Dendroctonus frontalis 
Zimmermann (Coleoptera: Scolytidae), have severely impacted southern pine forests of 
the United States (Flamm et al., 1988; Price et al., 1998; Fettig et al., 2007). Loblolly 
pine (Pinus taeda L.) and shortleaf pine (P. echinata Mill.) are the preferred hosts, but 
SPB can attack any southern pine species (USDA Forest Service, 1979; Belanger et al., 
1993). SPB infestations generally occur in dense, older, and slow-growing stands on 
poorly drained sites, or in severely eroded sites of poor quality (Hedden and Billings, 
1979; Coulson, 1980; Thatcher et al., 1980; Moorhead et al., 2004). However, younger 
and high-density stands may be also at risk (Hedden and Belanger, 1985). During periods 
of drought, overstocked stands of pines are more stressed, and leading to an increased 
stand susceptibility to SPB (Van Lear et al., 2004). 
Most of the established SPB models were developed in the 1970’s as part of the 
federally funded Expanded Southern Pine Beetle Research and Application Program 
(Saunders et al., 1985). By 1985, more than 35 mathematical models had been developed 
for SPB, which can be grouped into five general categories: Stand Hazard Models, Stand 
Risk Models, Stand Growth and Yield Models, Economics Models, and Spot Growth 
Models (Saunders et al., 1985). Using existing models, both population dynamics and 
infestation risk can be predicted sufficiently well to enable cost effective management 
(Hedden, 1985; Stephen and Lih, 1985; Clarke, 2001; Fettig et al., 2007). In this study, 
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we are interested in the spot growth models that can predict development and spread of 
an existing infestation over time.  
Models for predicting the potential growth and expansion of SPB population have 
been developed at both spot and stand levels. Models at the spot level are referred to as 
spot growth models, and include both regression and mechanistic models (Thatcher et al., 
1980). An example of a regression model is the CLEMBEETLE simulation program 
which predicts SPB spot growth using several variables related to the numbers of beetles 
within a spot and the density of pines within the stand, such as the initial number of trees 
with active infestations, pine basal area, and stand condition) (Hedden, 1985; Schowalter 
et al., 1981). In contrast, mechanistic models require an understanding of the mechanisms 
responsible for the observed behavior (Hain, 1980). Examples of mechanistic spot growth 
models include TAMBEETLE (Coulson et al., 1989) and SPBMODEL (Stephen and Lih, 
1985). TAMBEETLE classifies tree conditions as active (currently under attack), inactive 
(dead and vacated trees) or potentially active (trees that are in close proximity to active 
trees), and is based on a series of mathematically interconnected sub-models that account 
for beetle reproduction and mortality (Coulson et al., 1989; Birt et al., 1993). 
SPBMODEL model was built to predict short-term population trends and subsequent 
influences on a forest stand. This model simulates SPB attack and brood production 
based on a rate summation methodology (Stephen and Lih, 1985; Jeng, 1994; Satterlee, 
2002). 
These regression and mechanistic models focus on estimating SPB population 
dynamics and the number of trees killed rather than predicting the potential spatial 
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patterns and effects of spot growth. One of the most important factors in spot growth is 
the distances between pines within a stand (Hedden, 1978; Fettig et al., 2007). Spot 
growth is strongly affected by the spatial characteristics as well as the relative positions, 
species composition, and size distribution of pines within a stand. Hence, geographical 
information systems (GIS) have emerged as an important tool in SPB modeling.  
GIS is a computer program that allows one to efficiently manage, process, 
analyze, and represent data with spatial references to any thematic attribute that is 
connected to a location on earth (Bolstad, 2005; Mach and Petschek, 2007).  In addition, 
GIS serves as an efficient data and analyses framework for environmental modeling (Rao 
et al., 2000; Zeng et al., 2007; Liu, 2009). Through GIS technologies, we can create GIS-
based models to simulate spatially environmental dynamics and processes.  
In order to reduce losses from SPB, integrated pest management (IPM) is used to 
develop silvicultural techniques that simultaneously decrease the abundance of insect 
pests, their favored environments, and their most susceptible hosts (Edmonds et al., 
2000). Silvicultural procedures (i.e., thinning, prescribed burning, stand regeneration, and 
species mixture) are the most efficient methods for preventing SPB infestations (Oliver et 
al., 1994). The United States Department of Agriculture (USDA), Forest Service and both 
private and industrial landowners have implemented a number of alternatives (i.e., 
silviculture treatments) to deal with the losses from SPB. However, this diverse array of 
landowners often leads to conflicting interests and discrepancies in management 
objectives making it difficult to decide on appropriate strategies for SPB detection and 
management (Clarke, 2001; Hobbs, 2004; Fettig et al., 2007). Therefore, in order to 
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achieve a meaningful involvement of diverse stakeholders, an open, inclusive, and 
transparent decision-making process should be developed (DellaSala et al., 2003). 
Meanwhile, the recognition and understanding of the objectives, concepts, and 
management strategies for SPB management should be promoted to these stakeholders 
who are typically not professionally trained and experienced in ecosystem dynamics or 
responses to treatments (Mansourian, 2005; Meitner et al., 2006).  
Over the past 30 years, advances in computer hardware and software have 
permitted managers and researchers to visualize the complex phenomena and dynamics 
of natural systems (Daniel and Meitner, 2001; Wang et al., 2006b). Three-dimensional 
(3-D) landscape visualization is an innovation resulting from this technological 
advancement. It can be used to illustrate stand succession, landscape transformation, and 
regional planning outcomes (Song et al., 2006; Wang et al., 2006a). Visualizing past, 
present, and future conditions of a forest landscape provides the ability to display 
potential outcomes that are difficult to assess in the field and to allow observation of 
forest landscapes without temporal and spatial limitations (Orland, 1994; McGaughey, 
1998; Song et al., 2006). 
OBJECTIVES  
The primary effort of this study is to develop comprehensive 3-D landscape 
visualizations that will support communication of the consequences of alternative SPB 
management scenarios to stakeholders with diverse backgrounds. The specific objectives 
are: 
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(1) Generate a GIS-based SPB spot growth model, named SPBSPOT, using ArcGIS 
software with ArcObject and Visual Basic for Application (VBA). 
(2) Simulate the spatial population dynamics and economic impacts of SPB infestations 
under alternative management scenarios using SPBSPOT. 
(3) Project 3-D landscape visualizations of SPB infestations using previously simulated 
GIS maps or historical GIS databases with Visual Natural Simulator (VNS). 
DISSERTATION OVERIEW 
The dissertation is arranged in five chapters (2-6) that are written as independent 
papers with a final set of conclusions that summarize the entire dissertation in chapter 
seven. 
In Chapter two, 3-D landscape visualization will be introduced as a new technique 
to deal with forest management. The challenges of these management strategies will be 
illustrated. Some projected 3-D visualizations are included to demonstrate how 3-D 
visualization can help improve forest management with the incorporation of GIS, remote 
sensing images, and ecological simulation models.  
In Chapter three, a GIS-based model, SPBSPOT, is developed for simulating SPB 
spot growth. Four subroutines are embedded in SPBSPOT. Each has individual interfaces 
to allow users the flexibility to specify stand situations and design management scenarios 
based on their individual needs. In this chapter, SPBSPOT is used to simulate a variety of 
management scenarios (i.e., thinning, stand rejuvenation, and species mixture). 
Validation of the SPBSPOT is discussed. 
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In Chapter four, the GIS maps of possible infestations generated using SPBSPOT, 
are used as the basis of 3-D visualizations to simulate spatial patterns of spot growth 
under various silvicultural treatments, including thinning, stand rejuvenation, and species 
mixtures. The simulation approach of 3-D visualization and the comparisons between its 
outputs and GIS maps are focused in this Chapter. 
In Chapter five, SPBSPOT is expanded by adding the subroutine ―Economic 
Impact Estimation.‖ This allows estimation of both the ecological and economic impacts 
of SPB infestations. Economic effects of salvage operations are simulated under four 
levels of SPB damage severity. The optimal salvage time decision and the validation of 
the estimated financial factors (i.e., net present value and benefit cost ratio are also 
discussed. 
In Chapter six, an integrated technique of GIS, historic remote sensing images, 
and 3-D landscape visualization is applied to forest restoration scenarios for SPB 
infestations. As a case study in the upper Piedmont of South Carolina, 3-D landscapes are 
visualized before and after the 2002 SPB outbreaks following thinning and burning 
restoration treatments. The effects of species mixtures in stands (i.e., pure loblolly pine 
stands and mixed pine stands) are also discussed.  
Because each project is undertaken individually with the explicit purpose of 
publication, some information contained within the chapters may overlap.  
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CHAPTER TWO 
THREE-DIMENSIONAL LANDSCAPE VISUALIZATIONS:  
NEW TECHNIQUE TOWARDS WILDFIRE AND  
FOREST BARK BEETLE MANAGEMENT 
 
ABSTRACT 
After a century of fire exclusion, western US forests are vulnerable to both 
wildfire and bark beetle infestations. Although integrated fire and pest management 
programs (i.e., prescribed burning and thinning) are being implemented efficiently, 
damage to forests continues. Management challenges come in the forms of diverse land 
ownership, dynamic forest landscapes, uncertainty of management strategy effects, and 
social interaction of the increasing wildland-urban interface. Three-dimensional (3-D) 
landscape visualization is comprised of multi-spatial, multi-temporal, and multi-
expression elements. Supplemented with GIS databases, remote sensing images, and 
simulation models, this technique can provide a comprehensive communication medium 
for decision makers, scientists, stakeholders, and the public with diverse backgrounds on 
the wildfire and forest bark beetle management. The technique we describe here can be 
used to organize complicated temporal and spatial information, evaluate alternative 
management operations, and improve decision-making processes. The applications and 
limitations of our technique are also discussed. 
INTRODUCTION 
In the western US, a major impact of management for nearly a century had been 
the attempted exclusion of fire from major forest vegetations (Agee, 1993). This 
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management approach had produced shifts in successional patterns, increased the density 
of small trees, and resulted in not only increasingly severe and extensive wildfires but 
also substantially altered forest composition, structure, and vulnerability to damaging 
insect pests (McCullough et al., 1998). 
For wildfire control, the most important strategy is fuel management, which is 
achieved by modifying the available fuel load to moderate fire behavior and effect 
(Orland, 1994; Edmonds et al., 2000; Martell, 2001). Mechanical thinning and prescribed 
burning (alone or in combination) are options available for modifying forest fuel structure 
and reducing the likelihood of potentially severe wildfires (Daniel et al., 2007; Waldron 
et al., 2007). Integrated pest management (IPM) provides methods to reduce bark beetle 
populations by developing silvicultural techniques to simultaneously decrease the 
abundance of insect pests, their favored environments, and their most susceptible hosts 
(Edmonds et al., 2000). Silvicultural procedures (e.g., prescribed burning, stand 
regeneration, and thinning) are the most efficient methods for preventing bark beetle 
infestations (Oliver et al., 1994). Although the US Department of Agriculture, Forest 
Service, private, and industrial landowners are implementing a number of alternatives 
(i.e., prescribed burning, thinning, and stand regeneration) to deal with these problems, 
millions of acres of forests are still impacted by wildfire and bark beetle infestations 
every year (Oliver et al., 1994; Stephens and Ruth, 2005). Our objectives here are to (1) 
identify the challenges of management strategies aimed at addressing wildfire and forest 
bark beetle damage, (2) illustrate how 3-D landscape visualization responds to these 
challenges, especially on the application of this 3-D visualization technique to forest 
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management, and (3) supplement the applicability of 3-D visualization with geographic 
information system (GIS), remote sensing images, and simulation models. Some 
projected 3-D visualizations are included to demonstrate how this 3-D technique could 
help improve forest management. 
Challenges of Wildfire and Bark Beetle Management 
Diverse land ownership 
Responsibilities for wildfire control and pest detection differ across land 
ownerships, as do the management objectives and economic resources associated with 
each (Clarke, 2001; Fettig et al., 2007). It can be particularly difficult to navigate the 
conflicting interests and discrepancy of perspectives from diverse landowners when 
attempting to manage forestlands for any purpose. 
Dynamic forest landscapes 
Pine forests are among the lands most susceptible to wildfire and bark beetle 
impacts (Martell, 2001; FRAP, 2003). The variance of age-class and size-class 
distribution and the dynamics of habitat and species composition in regional forest stands 
make it difficult to detect and estimate infestation areas and spreading patterns of wildfire 
or bark beetle damage (Martell, 2001; FRAP, 2003). 
Uncertainty of wildfire and bark beetle strategy effects 
Primary management strategies include prescribed burning and mechanical 
thinning. However, it is difficult to predict the consequences of management strategies 
and determine how to efficiently accomplish them (Martell, 2001; Coster, 1980). It is 
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even more challenging to illustrate the consequences and effects of a specified 
management operation.  
Social interaction and the increasing wildland-urban interface  
Currently, diverse opinions exist among Congress, Federal agencies, state and 
local governments, environmental groups, and commodity groups about what should be 
done to reduce wildfire and bark beetle damage (Shindler, 2007). In addition, an 
increasing number of private residences are being built in or adjacent to forests having 
severe fire potential (Daniel et al., 2007). With continued population growth, these 
wildland-urban interfaces increase the probability of wildfire outbreaks (FRAP, 2003). 
Therefore, fire safe communities and forest health plans are becoming increasingly 
popular with the public, and the public can have a powerful influence on strengthening or 
opposing related forest management policies.  
Therefore, these challenges could constrain the decision-making process and 
implementation of wildfire and bark beetle management because there are 1) different 
objectives and resources with diverse land ownership, 2) dynamic forest stands that are 
susceptible to wildfire and bark beetles, 3) complicated and uncertain consequences of 
wildfire and bark beetle operations, and 4) diverse perspectives in the related and 
interested public. In the following, a comprehensive and sophisticated communication 
medium, which is supplemented with GIS database, remote sensing images, and 
simulation models, will be introduced to improve the consensus among diverse decision 
makers. 
 11 
THREE-DIMENSIONAL LANDSCAPE VISUALIZATIONS 
Visual images (i.e., pictures) can convey more meaningful and memorable 
information than the written word, figures, or other types of media (Sheppard and Salter, 
2004). The visual representation of the real world as well as related management 
alternatives are essential for landscape designers and planners to express and 
communicate their thoughts, especially on the aesthetic and ecological effects of 
management strategies (Lange and Bishop, 2005; Meitner et al., 2005; Song et al., 2006). 
Over the past 30 years, advances in computer hardware and software have enabled 
managers and researchers to visualize the complex phenomena and dynamics of natural 
systems using a more perceptible and comprehensive computer-aided medium (Wang et 
al., 2006a). 3-D landscape visualization is one of the most outstanding outcomes from 
these innovations. It can be used to visualize different management alternatives without 
temporal and spatial limitations (Orland, 1994; Song et al., 2006). In the following, we 
describe the characteristics of 3-D landscape visualization for contributing to wildfire and 
bark beetle management decision-making processes. 
Characteristics of 3-D Landscape Visualization 
Multi-Spatial 
3-D visual simulators allow the flexibility to choose several perspectives in 
representing forest landscapes (Fig. 2.1). This takes advantage of the tendency of 
observers to view an area from different directions, locations, and distances (Karjalainen 
and Tynäinen, 2002). In addition, viewer movement is a normal way of experiencing the 
forest landscape. Usually, visual landscape simulators use camera position to provide 
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perspective viewsheds from any point of view (Mach and Petschek, 2007). We can 
therefore assign any specified pathway and duration for the movement of the camera to 
provide animation by flythrough or walkthrough of the viewshed of interest 
( ). 
Spatial scale is also a key issue in developing forest visualizations. The amount 
and types of data needed for stand versus landscape scale visualizations differ because 
the purposes differ (Oliver et al., 1994). Stand scale visualization focuses on accurately 
displaying the vertical structure and dynamics of the stand, including stand density, 
species composition, and tree height. In contrast, landscape scale visualization 
emphasizes relative landscape components, such as the arrangement and interaction of 
patches, corridors, and matrixes. Hence, depending on the purpose, 3-D visualizations 
can be created for specified foliage effects (e.g., different species, ages, and statuses), 
understory and overstory ecotypes, and ground effects for appropriate landscape elements 
under assigned visualization scales (Fig. 2.2). 
Multi-Temporal 
Quantitative and information-based 3-D landscape visualizations can visualize 
stand succession, landscape transformation, and regional planning (Wang et al., 2006a). 
They are capable of visualizing forest changes caused by management activities and 
disturbances, and of demonstrating future development using time-series databases and 
predictive models. Visualizing the past, present, and future conditions of forest 
landscapes provides the ability to display potential outcomes that are difficult to illustrate 
in the field (Wang et al., 2006b) (Fig. 2.3). 
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Multi-Expression 
In the past, tables, figures, and maps have been the predominant methods used to 
communicate management alternatives, but these types of data include a high level of 
abstraction. Recently, 3-D visualizations have allowed the creation of perspective views 
to achieve more natural and direct depictions, enhance communications, and make 
complex information more easily understood by both experts and the general public 
(Lange and Bishop, 2005). Usually, a static diagram can only display a maximum of 
three factors (Lange and Bishop, 2005). In reality, natural phenomena result from many 
interactive factors and effects. For instance, bark beetle spot growth is typically discussed 
by referencing distances between pines, susceptible species, temperatures, and seasonal 
effects (Fettig et al., 2007). However, overall time-series effects (i.e., extended drought, 
infestation history) and relative spatial effects (i.e., arrangement of landscape patches, 
landforms, slopes, and soil characteristics) are seldom considered in beetle-infested 
forests (McCullough et al., 1998; Clarke, 2001; Hedden, 1985). 3-D landscape 
visualization allows the overlaying and integration of the combined effects of diverse 
interactive geo-information into simplified and integrated 3-D media (Hirtz et al., 1999) 
(Fig. 2.4). 
3-D Landscape Visualization 
The 3-D landscape visualizations in Figures 2.1-4 were generated using a 3-D 
simulator software called Visual Nature Studio (VNS, 3D Nature Inc. 
), with the required data to delineate a landscape consisting of the 
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terrain, vegetation, water, built structures, animals, and light (Ervin, 2001; Lange and 
Bishop, 2005; Mach and Petschek, 2007). 
VNS is a premium photo-realistic, landscape-visualization software package. It 
was chosen from a vast number of visualization tools for the following: 1) integration 
with georeferenced GIS datasets, 2) flexibility of land cover type development, 3) use of 
raster and vector formats to drive rendered vegetation components, and 4) includes both 
motion and time-series animation capability (Dunbar et al., 2005). Although, VNS 
provides the flexibility and various models required to bring a scene to life with photo-
realistic visualization, it requires skilled operation, high-end hardware, and long 
rendering time for high quality animation. 
In order to visualize the base layer of landscapes, terrain was obtained based on 
digital elevation model (DEM; the most common source of digital terrain models, USGS) 
from high-resolution remote sensing images (Ervin, 2001; Doellner and Hinrichs, 2002; 
Lange and Bishop, 2005). In addition, vegetation visualization is the critical factor in 
determining whether the 3-D landscape visualization is convincing or not (Hirtz et al., 
1999). To realistically visualize vegetation, various forest ―ecosystems‖ were created 
using the ecosystem function in VNS. Appropriate individual tree images were placed in 
the canopy and understory layers, based on species from the inventory data. The 
individual tree images were generated from OnyxTree Professional (Onyx Computing 
Inc. 1992-2008, ). It is a procedural tree modeling system that is 
capable of synthesizing realistic-looking tree images and provides a user-friendly 
platform. The other elements of landscape were visualized from built-in task modes (i.e., 
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Water Task Mode for water animation, 3D Object Task Mode for animal and built 
structure animations, Sky and Light Task Mode for light animation) of VNS. 
INCORPORATING REMOTE SENSING IMAGES AND GIS 
GIS is a computer program that allows one to efficiently manage process, analyze, 
and represent spatial data. The data are referenced to a location on the earth, and can 
include any thematic attribute that may be connected to that location (Mach and Petschek, 
2007). GIS can be used to develop data sources for projecting 3-D landscape 
visualizations. With GIS one can utilize information from field or remotely sensed data to 
help classify different land cover types, such as agricultural land, rangeland, forestland, 
and wetlands. The GIS can also maintain detailed forest stand characteristics, including 
cover type, tree species, crown diameter, and stand height and density. Compatibility of 
3-D visualization simulators and GIS data layers allows the rendering of landscapes 
based on information collected from the actual landscape.  
Remote sensing images, including aerial photography and satellite imagery, 
constitute the basis for the creation of a variety of spatial data. The DEM, which forms 
the basis of most landscape visualization, is generally derived from remotely sensed data 
such as aerial photography, LiDAR (Light Detection and Ranging), and Interferometric 
Synthetic Aperture Radar. The elements of landscape include the physical materials or 
objects on the surface of the land, and are also known as land covers (Hedden, 1985). By 
interpreting remote sensing images, we can generate land cover maps. These images can 
include a widespread area with multi-spatial resolutions (the finest resolution can be less 
than 1 m). Information not apparent with visible light can also be obtained from 
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multispectral satellite imageries that record the detailed physical characteristics of 
ground-features (Lillesand and Kiefer, 2000; Chandra and Ghosh, 2006). Based on these 
images, we can identify, recognize, and delineate land cover maps on multilevel land 
cover classification systems to support different landscape scale managers with 
appropriate resolution information on a nationwide, interstate, or countywide basis 
(Chandra and Ghosh, 2006). Moreover, foliage color usually changes with damage from 
wildfire or bark beetle outbreaks, and these widespread infestation phenomena can be 
easily detected using aerial photographs (Lillesand and Kiefer, 2000). For these reasons, 
aerial photo interpretation usually supports the detection and assessment of stand health, 
forest vigor, the different stages or degrees of damage, and predicting the spreading 
region of a wildfire or bark beetle damage (Lillesand and Kiefer, 2000). 
The analysis of landscape pattern change is an important method for 
understanding significant ecological dynamics, such as natural and human disturbances, 
forest succession, and recovery from previous disturbances (Turner, 1990). Satellite 
imagery and aerial photography have been classified according to vegetation or land 
cover types, and they provide an excellent source of data for performing structural studies 
of landscapes (Dunbar et al., 2005). When comparing these remote sensing images over 
time, they become especially useful for describing types of landscape changes and 
indicating the resulting impacts on surrounding habitats (Dunbar et al., 2005) (an 
example shown in Fig. 2.3).  
Therefore, remote sensing images and the GIS database can help us effectively 
monitor forest changes according to type, duration, and intensity (Rogan and Miller, 
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2006). They can facilitate the representation of highly dynamic temporal and spatial 
phenomena at varying scales ranging from an individual tree to an extensive forest 
landscape (Attiwill, 1994; Rogan and Miller, 2006). Illustrating landscape change is one 
of the most beneficial applications of 3-D landscape visualization (Ghadirian and Bishop, 
2008). Using a time-series GIS database and remote sensing images, we can delineate the 
appearance of terrain, land cover, and vegetation to compare the spatial and temporal 
changes in past and present forest landscapes (Song et al., 2006) (Fig. 2.3). In attempts to 
visualize future landscapes, the visual projection must be driven by dynamic models that 
can simulate the recovery, succession, or growth situations under different management 
scenarios.  
INCORPORATING SIMULATION MODELS 
In the following discussion, we examine how simulation models can be linked 
with 3-D landscape visualization. 
Forest Vegetation Simulator (FVS) 
FVS is a distance-independent growth and yield model at the individual tree scale 
(Crookston and Stage, 1999). It can simulate growth and yield for major forest tree 
species, forest types, and stand conditions for all national forests in the US (Crookston 
and Stage, 1999). For instance, Wang et al. (2006a) used a Forest Inventory Analysis 
(FIA) dataset to simulate the dynamics of tree size (diameter and height) for different 
forest types in FVS models and VNS. 
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Fire Area Simulator (FARSITE) 
FARSITE is a fire growth simulation model that can incorporate existing models 
of surface fire, crown fire, point-source fire acceleration, spotting, and fuel moisture to 
simulate fire behavior and represent fire growth and effect over an entire landscape 
(Finney, 1998). Williams et al. (2008) used VNS and shapefiles of different wildfire 
stages generated from FARSITE to visualize fire spread and intensity across the New 
Jersey Pine Barrens. In this study, in order to describe the different effects of fire severity 
and crown fire on forest stands, they created burned tree image models using Photoshop 
to visualize the different flame effects on either individual trees or clusters of trees 
(Williams et al., 2008). As a result, both still frame and animated views of wildfire 
visualizations were established by combining the burned tree models with different flame 
models (Williams et al., 2008).  
CLEMBEETLE 
The CLEMBEETLE model simulates stand damage caused by southern pine 
beetle (SPB), including estimating the number of attacked and killed trees per spot, 
percentage of stand killed per acre, and expected yield per acre with or without SPB 
attacks (Hedden, 1985). Chou et al. (2008) visualized the active spot growth with 
different affected-stage from SPB infestation. By using CLEMBEETLE, a GIS-based 
spot growth model, VNS, and ArcGIS (Environment System Research Institute Inc. 
), 3-D visualizations of SPB spot growth with different stand 
densities, species compositions, and stand ages were generated (Chou et al., 2008). This 
new GIS-based spot growth model created realistic views with stereo viewsheds and 
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vivid foliage images. It helps us understand the dynamics of SPB spot growth under 
different silvicultural scenarios (Chou et al., 2008). 
Landscape Disturbance and Succession Simulation Model (LANDIS)  
LANDIS is a spatially explicit and stochastic landscape model for simulating 
large-scale and long-term forest landscape processes with species level vegetation 
dynamics. It can generate the time curve for heterogeneous spatial patterns and species 
abundance to represent the interaction of disturbances and succession with changing 
forest patterns over long periods of time and a wide range of landscape scales (He and 
Mladenoff, 1999). It can also provide species information, including age class, abundance 
percentage, diameter, and density on different land types within a specified 
environmental situation (He et al., 2002; Sheppard and Salter, 2004), to support the 
required data of landscape visualization. LANDIS has been used to simulate the 
disturbance influences of wildfire and SPB on successional landscapes (He et al., 2002; 
Cairns et al., 2008), and it also generates required data for the 3-D landscape 
visualization. 
DISCUSSIONS  
3-D visualization that incorporates a GIS database, remote sensing images, and 
simulation models can provide a more comprehensive, practical, and applicable approach 
for monitoring spatial pattern changes due to disturbances caused by wildfires and bark 
beetles. It can be used to evaluate alternative management strategies and to effectively 
communicate the impacts of those strategies to diverse stakeholder groups. In addition, 3-
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D visualization can depict the structure and composition of landscapes, and also portray 
spatial and temporal changes resulting from different natural disturbances or management 
strategies (Orland, 1994; Sheppard and Salter, 2004; Meitner et al., 2005; Sheppard and 
Meitner, 2005; Chamberlian and Meitner, 2009). It can facilitate communication among 
researchers, managers, and the public to promote a better understanding of the impacts 
derived from dynamic natural or operational scenarios. This 3-D visualization has been 
applied to forest management in the following studies to: 1) improve the decision making 
process by simplifying the complicated information and providing comprehensive 
communication media among diverse stakeholders with diverse backgrounds on forest 
management (Sheppard and Meitner, 2005; Paar et al., 2008; Ghadirian and Bishop, 
2008), 2) compare the multi-objective forest management strategies (Seely et al., 2004), 
and 3) represent the past, present, and future phenomena in forest landscape planning 
(Meitner et al., 2006; Stoltman, 2007; Chamberlian and Meitner, 2009). 3-D visualization 
has been used in the latter two applications to provide visual representation (i.e., photo-
realistic visualizations) to extend our power of perception to consequences of non-visual 
processes (i.e., stand growth and yield model, forest restoration, ecosystem succession, 
etc.) (Seely et al., 2004; Meitner et al., 2006; Stoltman, 2007). Consequently, it can 
synthesize different dimensions (i.e., time-series, spatial scale, purpose, etc.) and provide 
a well-organized technique. It can be used to combine complex information into a 
comprehensive media to enhance the integration of information, processes, and strategies.  
The value of such 3-D landscape visualization depends on accuracy and realism, 
which will depend on the quality of the supporting data and the validity of the simulation 
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models (Wang et al., 2006b; Salter et al., 2009). In order to produce 3-D visualization 
that can be viewed with confidence by various public groups, we must be assured of the 
accuracy of the underlying forest data and the application of this data to simulation 
models. The visual representation should be defensible through making the projection 
process and assumptions transparent to the audiences, and by clearly describing the 
expected level of accuracy and uncertainty (Sheppard, 2001).  
In the future, researchers should aim to improve the quantitative analysis of 1) 
whether the 3-D visualization (comparing to the text, tabular, or 2-D map) could help the 
participants articulate more clearly their preferences for landscape conditions (Lewis and 
Sheppard, 2006), 2) whether the 3-D visualization could increase the perception of multi-
purpose, multi-temporal, and multi-spatial alternative forest management strategies 
(Seely et al., 2004; Wergles and Muhar, 2009), and 3) the accuracy of assessment (i.e., 
the ability of the simulation model to capture the essence or details of the scene) by 
comparing static views of the projected landscape visualization with known photorealistic 
viewpoints (Orland et al., 2001). Furthermore, although the 3-D visualization is 
recognized as a helpful and meaningful medium to forest management plans and other 
activities, it is still a new technique for forest research with limited use. More widespread 
studies are needed to extend its applicability, as well as the development of standard 
guidance and validation for its use in practice (Sheppard and Salter, 2004; Lewis and 
Sheppard, 2006).   
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(C) (D) 
  
Figure 2.1: Different viewpoints of 3-D landscape visualizations over a projected 
river basin. The river starts from a highland, stops by a lake, passes through a 
village, flows into a marsh, and ends in a delta. (A) The viewshed with the camera 
above the delta provides an overview of the river flow and focuses on the 
relationship between the marsh and coast. (B) The viewshed with the camera above 
the highland delineates the arrangement of forest patterns from upriver to 
downstream. (C) The viewshed with the camera from right of the riverside 
emphasizes the impact of buildings on the river. (D) The viewshed with the camera 
from the left of the riverside emphasizes the protection of vegetation over the 
riverside. The different viewpoints focus on different key subjects and integrate all 
of the different perspectives as fly-through animation for supporting a more 
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comprehensive communication media. (Data source: terrain generator and 
ecosystem component gallery from VNS).  
( ).   
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(A)  
(B)  
(C)  
Figure 2.2: 3-D visualizations from different spatial scales. (A) Landscape scale 
displays the arrangements, boundaries, and variations of vegetation patterns. (B) 
Near-stand scale focuses on the stand density, the composition of vegetation 
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patterns, and the relationship between adjacent stands. (C) Stand scale emphasizes 
the vertical distribution of species and the shape of individual trees (Data source: 
GIS database from Clemson Experimental Forest). 
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Figure 2.3: 3-D landscape visualizations and corresponding historical aerial 
orthophotos prior to, during, and after SPB infestation at CEF. (A1) and (A2) are 
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the viewshed visualization and aerial photo, respectively, before the SPB infestation 
in 1999. There are completely mature pure pine stands covering the central area. 
(B1) and (B2) are the viewshed visualization and aerial photo, respectively, during 
the SPB infestation in 2002. There are at least two SPB spots in these pine forest 
stands. Large parts of these pine stands were attacked, shown as red and fading tree 
images, and turned into killed trees, shown as snag images. (C1) and (C2) are the 
viewshed visualization and aerial photo, respectively, after the SPB infestation in 
2006. Most of the attacked trees in 2002 were gone in 2006 and replaced by 
regeneration shrubs, herbs, and secondary pine sprouts. (Data source: GIS database 
from Clemson Experimental Forest)  
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 Figure 2.4: 3-D landscape visualization with soil profile represents an infested pine 
stand at the front right and other healthy hardwood stands on the left backside of 
the hill. This is a loblolly pine stand with SPB infestation at CEF. Most of the 
loblolly pines were attacked, shown as fading tree images, and turned into killed 
trees, shown as snag images. The backside of the pine stand suffered severe 
damage, with the spot moving toward the front side. The hardwood stands, shown 
as brighter and yellowish green tree images adjacent to the left side of the infested 
stand were safe. Under the infestation hill, a soil profile visualization represents the 
relative arrangements, depths, and colors among O horizon, A horizon, E horizon, 
B horizon, C horizon, and deeper parent material. (Data source: GIS database from 
Clemson Experimental Forest)  
29 
 
Chapter Three 
A GIS-BASED MODELING APPROACH FOR SIMULATION AND 
EVALUATION OF SOUTHERN PINE BEETLE SPOT GROWTH 
AMONG MANAGEMENT SCENARIOS 
 
ABSTRACT 
Models for simulating southern pine beetle (SPB) population dynamics and 
infestation risk are quite well developed to enable cost effective management. However, 
most of them are not spatially explicit models. In this study, a GIS-based model, 
SPBSPOT, is developed for simulating SPB spot growth using ArcGIS software with 
ArcObject and Visual Basic for Application (VBA). SPBSPOT is composed of four 
subroutines. Individual interfaces are developed for each subroutine to allow users the 
flexibility to specify stand situations and design management scenarios based on their 
individual needs. I conducted simulations to evaluate a variety of management scenarios 
(i.e., thinning, stand restoration, and stand species mixture). The results indicate that 
although different silvicultural treatments are able to reduce the number of infested trees, 
the overall impact on the affected area may not change. When implementing a salvage 
operation in SPB infested stands, its effects did not vary based on differences in 
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silviculture treatments. Validation of SPBSPOT is also discussed. This modeling 
approach can be used to provide illustrations of SPB spot growth having both spatial and 
temporal dimensions, which could improve communications among decision-makers 
with diverse backgrounds as they pursue SPB management and control. 
INTRODUCTION 
Outbreaks of southern pine beetle (SPB), Dendroctonus frontalis Zimmermann 
(Coleoptera: Scolytidae), have severely impacted southern pine forests in the United 
States (Flamm et al., 1988; Price et al., 1998; Pye et al., 2004). Because of the 
widespread ecological impacts and economic losses caused by this pest, SPB has been 
studied extensively and its impacts are quite well understood. Using existing models, 
both population dynamics and infestation risk can be predicted sufficiently well to enable 
management on a cost effective basis (Hedden, 1985; Stephen and Lih, 1985; Clarke, 
2001; Fettig et al., 2007).  
Most of the established SPB models emerged in the 1970’s as part of the 
Federally funded Expanded Southern Pine Beetle Research and Application Program 
(Saunders et al., 1985). By 1985, more than 35 mathematical models had been developed 
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for SPB, which can be grouped into five general categories: Stand Hazard Models, Stand 
Risk Models, Stand Growth and Yield Models, Economics Models, and Spot Growth 
Models (Saunders et al., 1985). In this study, I’m interested in spot growth models which 
can predict development and spread of an existing infestation over time.  
Models for predicting the potential growth and expansion of a SPB population have 
been developed at both spot and stand levels. Models at the spot level have been referred 
to as spot growth models, and have been comprised of both regression and mechanistic 
models (Thatcher et al., 1980). An example of a regression model is the CLEMBEETLE 
simulation program which predicts SPB spot growth using the variables initial number of 
actively infested trees, pine basal area, and stand conditions (Hedden, 1985). These 
variables are related to the number of beetles within a spot and the density of pines within 
the stand. In contrast, mechanistic models require an understanding of the mechanisms 
responsible for the observed behavior (Hain, 1980). Examples of mechanistic spot growth 
models include TAMBEETLE (Coulson et al., 1989) and SPBMODEL (Stephen and Lih, 
1985). TAMBEETLE classifies tree conditions as active (currently attacked), inactive 
(dead and vacated trees) or potentially active (trees that are in close proximity to active 
trees), and is based on a series of sub-models that are mathematically interconnected to 
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account for beetle reproduction and mortality (Coulson et al., 1989; Birt et al., 1993). 
SPBMODEL was built to predict short-term population trends and subsequent influences 
on a forest stand. This model simulates SPB attack and brood production based on a rate 
summation methodology (Stephen and Lih, 1985; Jeng, 1994; Satterlee, 2002).These 
regression and mechanistic models focus on estimating SPB population dynamics and the 
number of trees killed rather than predicting the potential spatial patterns and effects of 
spot growth.  
One of the most important factors in spot growth is the distances between pines 
within a stand (Hedden, 1978; Fettig et al., 2007). In addition to spot growth being 
strongly affected by spatial characteristics, stand factors such as the relative positions of 
pines, species composition within a stand, and the size distribution of pines within a stand 
are important. Hence, geographical information systems (GIS) have emerged as an 
important tool in addressing spatial dynamics of spot growth.   
GIS serves as an efficient and common data and analyses framework for 
environmental modeling (Rao et al., 2000; Zeng et al., 2007; Liu, 2009). Through GIS 
technologies, we can create GIS-based models to simulate environmental processes and 
spatially dynamics.  
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In this study, a GIS-based model, SPBSPOT, is built to function as a simulator of 
SPB spot growth. It can be used to assess the impact of SPB infestations under various 
management scenarios; to simulate the spatial pattern and the affected area of spot 
growth; and to evaluate the corresponding buffer strip of direct control. This model 
consists of four subroutines: 1) Specified Stand Generation, 2) Spot Growth Simulation, 
3) Affected Area Simulation, and 4) Buffer Strip Simulation. The results of one subroutine 
become the input for the others. This model is applied to simulate and evaluate the trends 
of spot growth and salvage effects under different management scenarios of stand 
thinning, stand species mixture, and stand regeneration. Specifically, this model is 
appropriate for use in loblolly pine plantations across the Piedmont, Upper Coastal Plain, 
and Lower Coastal Plain regions of the southeastern United States. Validation of 
SPBSPOT is demonstrated by comparing its results with other studies. 
DEVELOPMENT OF THE GIS-BASED SPB SPOT GROWTH MODEL, 
SPBSPOT 
Framework of SPBSPOT 
SBPSPOT is programmed using the GIS software ArcGIS 9.x (ESRI, 2004) with 
ArcObjects and Visual Basic for Application (VBA). ArcObjects provides a set of 
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component object models (COM) and a stand-alone application which allows us to 
customize and extend ArcGIS by using embedded VBA (Zeiler, 2001). Through 
ArcObjects, a framework of existing ArcGIS applications can be used for data 
management, feature analysis, and map presentation (Rao et al., 2000; Sun et al., 2003; 
Zeng et al., 2007; Liu, 2009). I used VBA code to develop SPBSPOT as a series of 
comment buttons within a toolbar. For construction of SPBSPOT (Fig. 3.1), four 
subroutines are created as individual interfaces to define required input parameters and 
output options (Figs. 3.1, 3.2). 
First, the subroutine ―Specified Stand Generation‖ (Fig. 3.1.1) generates a target 
stand layer by compiling the two programs ―Point Data Generation‖ and ―Stand 
Condition Assignment.‖ The target layer is created to represent trees as points and 
combine with an attribute table which includes the species name, DBH, height, and life 
situation. Alternatively, a real stand with its forest stand database and GIS attributes can 
be used directly as the target stand layer. Secondly, using a previously established SPB 
spot growth model (Hedden and Billings, 1979) and the stand layer generated by 
―Specified Stand Generation,‖ the spatial and temporal trends of spot growth can be 
generated through the subroutine ―Spot Growth Simulation‖ (Fig. 3.1.2). Then, the 
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subroutine ―Affected Area Simulation‖ (Fig. 3.1.3) displays SPB infestation dynamic and 
the dimensions of the expanding affected-area, as well as displays the affected-stage of 
each tree as the period of SPB infestation progresses. The subroutine ―Buffer Strip 
Simulation‖ (Fig. 3.1.4) simulates the relationship between the combination size of the 
affected area and the related buffer strip for the duration of infestation. In addition, the 
program also automatically provides layouts (the output maps of ArcGIS) as the inputs 
for SPB spot animations. 
The SPB Spot Growth Model 
We use a previously established model based on data collected from 62 East 
Texas infestations during the summers of 1975 and 1977 (Hedden and Billings, 1979). 
The model for predicting the number of trees killed per day (TKD) is the function: 
HTDBH
SPACE
OAT
SPACE
OAT
CHTKDn  001162.0)(00824.0452642.0514479.006818.1
2   3.1 
Where CH is the change in the number of SPB spots per 1,000 acres (1 acre = 
0.4047 hectare) from the previous year, OAT is the initial number of infested trees in the 
spot (initial spot size), SPACE is the average distance (feet) between pine trees in the 
stand (1 foot = 0.3048 m), DBH is the average diameter at breast height (DBH; inches; 1 
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inch = 2.54 cm), HT is the average height of the trees in the stand (feet/ft; 1ft = .305 m), 
and n is time in days. 
This model calculates the number of trees killed per day at day n (TKDn) during 
spot growth within an active SPB infestation (Chou et al., 2008). Moreover, the OAT 
value is adjusted to decline linearly at a rate that varies with season. In this study, OAT is 
assumed to be adjusted every 15 days reaching 0 at day 35 during the summer. Infested 
trees are converted to inactive sooner after they have been attacked. During the winter the 
period of adjusted day declines sooner; OAT declines to 0 sooner; and infested trees are 
converted to inactive sooner. The SPB infestation is classified into five levels of foliage 
colors based on time from after initial attack (Billings and Kibbe, 1978): Level 1 (Stage 
0, non-infested, live trees; green foliage), Level 2 (Stage 1, freshly attacked, which may 
last 3 days; light green foliage), Level 3 (Stage 1~2, from freshly attacked to developing 
beetle brood, which may last 19 days; fading green trees), Level 4 (Stage 2, developing 
beetle brood, which may last 13 days; red foliage), and Level 4 (Stage 3, inactive trees, 
no live beetle brood, which may occur after 35 days; no foliage gray trees). 
Since similar SPB spot growth models based upon this data set have been 
demonstrated to be applicable to predicting SPB impact throughout the southeastern 
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United States (Reed et al., 1981; de Steiguer et al., 1987), it is assumed that this model 
will adequately simulate SPB spot growth in the Piedmont, Upper Coastal Plain, and 
Lower Coastal Plain of the southeastern United States. 
The implementation of SPBSPOT 
Specified Stand Generation 
This subroutine simulates a target stand layer by two programs. First, the program 
―Point Data Generation‖ simulates a stand as either a regular or random point pattern 
with the stand conditions (i.e., stand area, stand density or basal area, and average DBH 
in a stand) according to a Pearson Type XI distribution (Daniels et al., 1979; Song et al., 
1997). The squared distances from random points to the nearest trees are simulated with 
different combinations of a density parameter (calculated from stand density multiplied 
by π (3.1415926)), Pielou’s index of nonrandomness (α), and a random number (from a 
uniform [0,1] distribution; Pielou, 1969). In this study, the stand pattern is represented as 
random (when α = (n-1)/n) or regular (when α < (n-1)/n), where n is the number of trees 
per stand. 
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The second program ―Stand Condition Assignment‖ relates the input stand 
characteristics to the generated stand layer. The stand characteristics include stand 
density (or basal area), stand age, site index (SI), species compositions, stand average 
DBH, stand average height, and stand region (corresponding to the study regions, 
Piedmont, etc.) The DBH distribution is assigned by the Weibull probability distribution 
function (Bailey and Dell, 1973; Borders et al., 1990) to the related stand regions with the 
required variables and parameters (Borders et al., 1990; PMRC, 1996). 
Alternatively, if we aim to simulate the trend of SPB spot growth on a real forest 
stand, with the forest stand database and GIS attributes available, we are able to use them 
directly as the target stand layer. The required forest stand database and GIS attributes 
can be collected directly from the stand inventory or from the U.S. national on-line FIA 
(Forest Inventory Analysis;  ) dataset. 
Spot Growth Simulation  
This subroutine is generated automatically by selecting infested trees on the 
specified stand layer and assigning appropriate affected-stages to them through the whole 
period of infestation (Fig. 3.3). The number of selected infested trees is based on the TKD 
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calculated from the previously established SPB spot growth model. Meanwhile, the 
corresponding affected-stages are assigned to each infested tree per day during the 
infestation based on the time periods of affected-stage listed previously.  
The spatial and temporal trend of a SPB spot growth can be determined in two 
phases (the flowchart of spot growth simulation in Fig. 3.3). The first (Fig. 3.3A) allows 
the user to select infested trees for initial spot size. Initially, the user selects a point to be 
the first infested tree then assigns it a corresponding affected-stage for each day of the 
infestation. Next, the remaining infested trees would be selected based on the criteria of 
wind directions, susceptible species, and shortest distance from infested trees. In this 
study, I allowed eight compass orientations to be the options of wind direction. 
Susceptible species included loblolly pine (Pinus taeda L.), shortleaf pine (Pinus 
echinata L.), Virginia pine (Pinus virginianna Mill.), and other southern pines. Infested 
trees with different affected-stages are known to have different abilities to influence other 
Stage 0 (green) trees (Coulson, 1980). Stage 0 trees which are closer to a Stage 1 are 
more easily infested than trees closer to a Stage 2 tree. There is no impact on Stage 0 tree 
when surrounded by only Stage 3. In this subroutine, Stage 1 (light green) trees are given 
a weight of 1, where 1 has the highest influence and 0 has the lowest influence. Fading 
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trees (Stage 1~2) are assigned a weight of 0.5, the red trees (Stage 2) are assigned a 
weight of 0.1, and gray trees (Stage 3) are assigned a weight of 0. Following these 
criteria, the infested trees are selected for the initial spot size. 
The second part of the flowchart (Fig. 3.3B) describes selection of the subsequent 
infested trees for the rest of the infestation period. Selections in this part use the same 
criteria as the first to select the infested trees and assign the corresponding affected-stages 
to each day of infestation. The exception is that the process is continued until the 
infestation period ends and affected-stages are adjusted as time passes. 
Affected Area Simulation 
Using the outcomes from the previously described subroutines, the affected areas 
were simulated by generating polygons to cover the areas of infested trees for each day of 
the infestation period (Fig. 3.4). Then, the areas of the polygons were calculated as square 
feet (1 ft
2
 = 0.093m
2
) by using the ArcGIS geoprocessing tool of ―Calculate Areas‖. In 
ArcGIS, geoprocessing tools are GIS operations used to manipulate GIS data (ESRI, 
2004). In the following subroutines, we relied on these geoprocessing tools with VBA 
code to accomplish SPBSPOT. By compiling the ―Affected Area Simulation‖ and ―Spot 
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Growth Simulation‖, the dynamic patterns of SPB infestation were generated as a 
growing spot with expanding affected-areas and shifting affected-stages. 
Buffer Strip Simulation 
Salvage, the removal and utilization of timber from an infestation site,  is a 
preferred tactic for directly controlling SPB infestations (Billings, 1980; Clarke and 
Billings, 2003; Fettig et al., 2007). Salvage involves the removal of all pine trees around 
the active head of the spot, the area of an infestation where beetles are attacking live 
pines. This is typically a 10- to 100-ft buffer strip around this portion of the spot (Texas 
Forest Service, 1976; the width of the buffer strip differs based on levels of infestation 
severity). Although salvage is not appropriate for management of all SPB spots because 
of the challenge of gaining access to the site by heavy logging equipment or timely 
implementation, it is still the most recommended management practice as it provides 
some cost recovery for losses due to SPB infestation (Billings, 1980; Clarke and Billings, 
2003; Fettig et al., 2007).  
In this study, we assess the effect of salvage by simulating the buffer strip region 
using the subroutine ―Buffer Strip Simulation‖ (Fig. 3.5). By this subroutine, GIS layers 
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of buffer strip are simulated to determine the relationship between the size of the affected 
area (spot) and the area of buffer strip throughout the duration of infestation. The size of 
the buffer strip can be simulated around the active head of the spot by the following two 
procedures. First, the area of active head of spot has to be subtracted from the entire 
infestation. Second, the area of buffer strip is then simulated based on the region 
calculated in the first procedure. 
In the first procedure, the size of the active head of the spot is calculated by the 
following ArcGIS geoprocessing tools (ESRI, 2004): 1) Polygon to Polyline: creating 
polyline features from polygon features; the polygon of the affected area on day i (PGi) 
where i is time in days of an infestation, and the polygon of the affected area on the last 
active day of the infestation (PGn) where n is time of last day of an infestation. There are 
processed to polyline features as PLi and PLn, respectively; 2) Intersect: creating a 
feature, IntPLi, which includes the overlapping portions from the input features, PLi and 
PLn; 3) Buffer: which creates a polygon, BuffPGi, that encloses a polyline, IntPLi, at a 
specified distance according to the spot sizes. The width of the buffer strip is specified 
according to the level of infestation severity; 4) Union: creates a feature that includes all 
of the spatial extent from the input features, BuffPGi and PGi, then converts the result 
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into the polyline type, UionPLi; 5) Intersect: creates a feature, APLi, that includes the 
overlapping portions from the input features, UionPLi and PLi. Hence, APLi is generated 
as the region of active head of spot on day i.  
In the second procedure, the region of buffer strip is simulated based upon APLi 
by the following geoprocessing tools: 1) Buffer: creating a polygon, BuffAPGi, to enclose 
a polyline, APLi, at a specified distance according to the spot sizes; 2) Union: creating a 
feature, UnionAPGi, that includes all of the spatial extent from the input features, 
BuffAPGi and PGi; 3) Difference: creating a feature, Buffi, to include the non-
overlapping portions from the input features, UnionAPGi and PGi. Consequently, Buffi is 
generated as the region of buffer strip around the active head of spot, APLi, on day i. In 
addition, the number of trees within the buffer strip is calculated, as well as the trees 
within the buffer strip are labeled in the attribute table. 
Output Animations 
SPBSPOT allows users to export a serial dynamic pattern of SPB spots and buffer 
strip regions. The outputs express the number of infested trees and the size of the affected 
area as GIS maps. These individual tree-based GIS maps show the changing affected-
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stages with corresponding colored circles, the growing affected-area as an expanding 
polygon, and the buffer strip as a shifting polygon throughout the infestation period. 
Animations of spot growth have been generated from the sequential GIS maps. 
SIMULATIONS AND EVALUATIONS OF SPBSPOT IN MANAGEMENT 
SCENARIOS 
Simulations of spot growth in management scenarios 
SPB management programs mainly use silvicultural practices to manage and 
reduce impacts caused by SPB infestations (Belanger et al., 1993; Fettig et al., 2007). 
These practices include thinning, stand restoration, and stand species mixture. In this 
study, four levels of stand density, stand age, and stand hardwood percentage (PHWD) 
are simulated (Table 3.1) in the Piedmont region using SPBSPOT. First, we simulate SPB 
spot growth in loblolly pine plantations (Site Index (SI) = 70, age = 20-year-old) with 
different stand densities, including TPA150 (trees per acre = 150; DBH = 10.27 inches), 
TPA200 (DBH = 9.51 inches), TPA300 (DBH = 8.53 inches), and TPA400 (DBH = 7.9 
inches), to see if higher density stands have more widespread SPB infestation. Second, 
the dynamic patterns of SPB spot growth are simulated in loblolly pine plantations with a 
base characteristic of SI = 70; TPA = 300; having different stand ages: Age10 (10-year-
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old; DBH = 5.77 inches), Age 20 (DBH = 8.53 inches), Age 30 (DBH = 10.08 inches), 
and Age 40 (DBH = 11.15 inches), to determine whether younger stands would be more 
resistant to SPB infestation than mature stands. Third, I simulated forest stands with 
different compositions of loblolly pine and hardwoods, including PHWD0 (percent of 
hardwood in stand = 0), PHWD15, PHWD 25, and PHWD30, where all stands had the 
same conditions of SI = 70, Age = 20-year-old, TPA = 300, and DBH = 8.53 inches to 
determine whether different percentages of loblolly pine and hardwoods would affect 
spot growth. Using these simulation procedures, I estimated both the number of trees 
killed and the size of affected areas during a 40 day cycle with 50 infested trees in the 
initial spot (OAT) and illustrated the trends of spot growth using GIS maps. 
Simulations of a salvage operation in SPB infestations among different management 
scenarios 
In SPBSPOT, the subroutine ―Buffer Strip Simulation‖ is used to assess the effect 
of a salvage operation. In this study, the width of the buffer strip for salvage tactics is set 
as 20 ft. The area of the buffer strip and the number of salvage trees are estimated and the 
former is displayed in GIS maps along with the affected area. 
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Animations of the spot trends and the salvage effects 
Through a 40-day simulation using the PHWD25 scenario, a series of GIS-maps were 
generated as animations to demonstrate how the affected-area and corresponding buffer 
strip expanded (Fig. 3.6A1-5). These animations provide a visual means of illustrating 
both spot growth patterns and buffer strip changes in spatial and temporal dimensions. 
The patterns of an increasing number of infested and salvage trees and the sizes of both 
the affected area and buffer strip are displayed throughout the infestation (Fig. 3.6B). The 
number of salvage trees increases and follows the increasing number of infested trees. 
When the spot becomes inactive, there are no more infested trees and the buffer strip 
shrinks accordingly. 
Evaluations of the spot trends and salvage effect in management scenarios 
Evaluation in different density stands 
The results from the simulations indicate that the number of infested trees in 
higher density stands is usually greater than those in lower density stands throughout the 
infestation period (Table 3.2). However, the sizes of the affected areas are larger in lower 
density stands than in higher density stands (Fig. 3.7A). This illustrates that when the 
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infestation is increasing in lower density stands, the size of the affected area increases 
more rapidly than it does in high density stands. 
The number of salvage trees in lower density stands decreases while an infestation 
is growing (TPA150, TPA 200, TPA 300; Table 3.2), but the number of salvage trees 
remains relatively high in high density stands (TPA 400; Table 3.2). The pattern of the 
buffer strip decreasing in size is more obvious in lower density stands than in higher 
density ones (Fig. 3.7A). Through the four levels of stand density of TPA150, TPA200, 
TPA300, and TPA400, around 20-25 days after the spot is first detected, the combined 
size of the affected area and buffer strip would be larger than the ultimate size of the 
affected area without any salvage treatment.  
The number of infested trees can be reduced by decreasing the density of stand. 
However, the size of the affected area may not be reduced by thinning because a negative 
relationship exists between stand density and spot size. There are no clear relationships 
between stand density and the number of salvage tree or between stand density and the 
size of buffer strip. The effect of salvage is positive for controlling the SPB infestation; in 
any case, the stand density is open or dense; because of salvage operation modifying the 
number of infested trees and the size of affected area when implementing it within a 
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reasonable period of time after infestation (Table 3.2; Fig. 3.7A). Approximately, two 
weeks of time is needed for facilities mobilization and salvage operation preparation 
(Billings and Pase, 1979). In this study, I used a minimum of 10-14 days for preparation. 
Evaluation in different age stands 
Results of the simulations indicate that the number of infested trees, size of 
affected area, and rate of expansion of the SPB spot are greater in mature stands than in 
young stands (Fig. 3.7B; Table 3.2).  
Generally, the size of buffer strip is larger in mature stands than in young stands 
(Fig. 3.7B). However, the number of salvage trees decreases as the infestation develops.   
The number of salvage trees is similar among stands with different ages throughout the 
infestation (Table 3.2), although the number of salvage trees decreases dramatically in the 
most mature stands (Age 40) when the spot becomes inactive. The size of the buffer strip 
also decreases when the spot turns inactive. This situation is more obvious in the Age30 
and Age20 stands. In younger stands, the combined size of the affected area plus the 
buffer strip grow larger earlier than the ultimate size of affected areas without salvage 
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(i.e. Age 10 at day 9, Age 20 at day 18, Age 30 at day 19, and Age 40 at day 27; Fig. 
3.7B).  
Therefore, both the number of infested trees and the size of the affected area are 
positively correlated with stand age. The SPB impact on both the number of infested trees 
and the size of the affected area can be reduced through stand restoration. Stand 
restoration is most effective for reducing impacts on mature stands, rather than on young 
stands (i.e., Age 10). Consequently, if we let the infestations keep growing in a young 
stand without any control, the SPB impacts should be tolerable in economic losses. 
Evaluation in different hardwood percentage stands 
Results from the simulations suggest that the number of infested trees in stands 
having a low percentage of hardwood (PHWD) is greater than those having a higher 
PHWD, as well as the stands with lower PHWD have an increased growing rate on the 
number of infested trees (Table 3.2). However, the size of the affected area is larger in 
stands with higher PHWD than in stands with lower PHWD (Fig. 3.7C).  
There seem to be no correlations between either the number of salvage trees and 
stands with different PHWD, or between the size of buffer strip and stands with different 
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PHWD. (Fig. 3.7C; Table 3.2). However, in a stand with PHWD increased to 50% 
(PHWD 50) has an affected area noticeably greater than in stands with lower PHWD 
(i.e., PHWD25, PHWD10, and PHWD0). For a stand with PHWD50, the number of 
infested trees increases slowly from 50 to71 during the life of the infestation, and the 
number of salvage trees remains under 7 trees through the whole infestation (Table 3.2). 
The time when the combined size of affected area and buffer strip is larger than the 
ultimate size of affected areas without any salvage operation is earlier in higher PHWD 
stands (i.e., PHWD0 at day 23, PHWD15 at day 18, PHWD25 at day 11, and PHWD50 at 
day 7). However, increasing the PHWD in the stand can reduce the number of infested 
trees, and would enlarge the size of affected area. A timely salvage operation can 
effectively reduce SPB impacts in mixed species stands. The exception is when a stands 
has a high hardwood percentage (i.e., PHWD50) as the SPB infestation is modified by 
the effect of stand mixture. Accordingly, in the stand with a high proportion of 
hardwoods (i.e., PHWD50), the infestation continues without any control, the SPB 
impacts should be minor and acceptable in management. 
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VALIDATION OF THE GIS-BASED SPB SPOT GROWTH MODEL 
Validation of simulated trends of spot growth 
The following studies have tracked the dynamic patterns of SPB spots. An 
illustration of the spatial arrangement of infested and non-infested trees in a SPB spot 
was created by Coulson (1980) to represent the sequence of spot development through a 
summer season. Aryes et al. (2008) illustrated the progression of infested trees within 
three fast-growing and two moderately fast-growing spots at three-day intervals during 
mid to late summer 2004. During 48 days of observation, there was an average of 2.5 
newly infested trees every 3 days and an obvious spreading pattern of spot growth in the 
direction of the following an active head of the spot to adjacent uninfested trees (Aryes et 
al., 2008). Birt et al. (1993) simulated the spatial population dynamics of a SPB 
infestation using TAMBEETLE and the Stand Visualization System (SVS, 
) to create images of forest structure and spot 
progression. The trends of spot growth in both field and simulation studies are that: 1) a 
spot is generally comprised of a number of trees and contains beetles in multiple stages of 
development, 2) spot growth is concentrated at one (or more) active head(s), 3) 
uninfested trees adjacent to the active head of the spot are attacked earlier than trees 
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farther from the active head, and 4) only favorable tree species (i.e., loblolly, shortleaf, 
and Virginia pines) are attacked  (Franklin, 1970; Coulson, 1980; Ayres et al., 2009). 
Trends of spot growth simulated by SPBSPOT (Fig. 3.6) follow these same 
patterns. However, the shapes of the spot and the duration of the affected-stages are not 
similar to those previously reported in the literature (Franklin, 1970; Coulson, 1980; 
Ayres et al., 2009). The main reason is that the stand situations (i.e., stand age, species 
composition, and stand density), the spot growth functions, and the infestation seasons in 
our simulations are different from those previous studies.  
Most non-spatially explicit SPB spot growth models provide output in terms of 
the number of trees killed per day. The size of the affected area can be calculated if the 
number of trees per unit area is known. However, monitoring or simulating the spreading 
patterns of a SPB spot have not been studied extensively. Consequently, I don’t have 
many previous studies to use for comparison or validation of my model. This emphasizes 
the value of considering the spatial aspects of SPB spot growth. 
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Validation of simulated patterns of the buffer strip  
Cutting a buffer strip of non-infested trees around the active head of a spot is the 
best tactic to interrupt flow of SPB attractants and stop the advance of the infestation 
(Billings and Pase, 1979). Theoretically, a 10-40 foot wide buffer strip is sufficient when 
dealing with low and medium severity spots with fewer than 30 infested trees, while a 
buffer strip width of 40-100 feet is needed for high and extremely high severity spots 
(Billings and Pase, 1979; Swain and Remion, 1981). In this study, the 20-foot-width of 
buffer strip assigned is narrower than the recommended value. One of the reasons why I 
used the narrower width is that I assumed SPBSPOT would improve the precision and 
accuracy of the simulated trend of spot growth. In addition, the buffer strip is expected to 
enclose all trees in Stage 1 and Stage 2 and to be widest in the direction that the spot is 
expanding (Billings and Pase 1979). Although the narrower buffer strip used in this study 
may hardly surround all trees in Stage 1 and Stage 2, the active head of the spot and all 
trees expected to be attacked in the infestation would be encircled (Fig. 3.6.). Therefore, a 
reliable GIS-based spot growth model (i.e., SPBSPOT in this study) would be effective in 
predicting the outcome of a salvage using a smaller width buffer strip. 
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CONCLUSIONS 
The GIS-based SPB spot growth model, SPBSPOT, provides an effective tool to 
simulate the trends of spot growth in detailed resolution of both spatial and temporal 
aspects (i.e., individual trees and single day to attain spatial and temporal resolution, 
respectively). This model is organized as a series of subroutines to estimate the ecological 
and economic impacts of spot infestations and to allow users the flexibility to specify 
stand situations and to design management scenarios for their individual needs.  
Different management scenarios and infestation severities can be simulated in 
SPBSPOT, which makes it possible to evaluate the effect of management strategies (e.g., 
thinning, stand species mixture, and stand restoration) and salvage treatments. These 
silviculture practices can reduce the negative impacts of SPB infestations. Although a 
reduction in stand density can decrease the number of trees killed, it does not necessarily 
result in a decrease of the area of the stand affected. This finding indicates an important 
consideration not only in the number of trees killed, but also the area of stand affected 
when developing recommendations for preventing losses from SPB attacks using 
silvicultural techniques. 
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When implementing a salvage operation in SPB infested stands, there was no 
relationship between either the number of salvaged trees and the silvicultural treatments 
or the size of the buffer strip and any of the management scenarios used. However, if the 
size of the affected area increases, it results in a positive relationship between the size of 
buffer strip and the number of salvaged trees, except when the spot becomes inactive. If 
we increase the density or percentage of pine composition in a stand, there will be more 
salvage trees included in the spot. In any case, if the stand is older or younger, the 
number of salvaged trees is not found to be correlated with stand age. Because the rate of 
infestation growth raptly increases in mature stands (40-year-old), early salvage has a 
significant effect on reducing potential losses. However, this is not the case in young 
stand (10-year-old), when the rate of infestation growth slowly increases. Salvage of 
spots in young stand may not be necessary. 
Consequently, SPBSPOT provides a comprehensive and organized illustration of 
spot growth in relation to the ecological impacts for improving communication among 
scientists, managers, and stakeholders who have diverse backgrounds in SPB 
management and control. In the future, my research group will aim to strengthen the 
visualization and understanding of the pattern of spot growth and simplify the 
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complicated information with more realistic and vivid images (i.e., three-dimensional 
visualization). Economic evaluation of the effects of a salvage operation will also be 
emphasized to determine how salvage operations can benefit the plantation harvest and 
how a spatially-based model can improve salvage operations in a SPB infestation. In 
addition, SPBSPOT will be applied to simulating the spatial patterns of other population 
dynamics, such as mountain pine beetle, gypsy moth, and other bark beetles, by adjusting 
the spot growth model and attacking mechanisms which will extend the understanding 
and study of insect spot dispersal.  
57 
 
Table 3.1: The parameters of Age, TPA, DBH, and PHWD in four levels of variables 
among three management scenarios, including stand density, stand age, and PHWD. 
 
 Age TPA DBH PHWD 
Stand Density     
TPA150 20 150 10.27 0 
TPA200 20 200 9.51 0 
 TPA300* 20 300 8.53 0 
TPA400 20 400 7.90 0 
Stand Age     
Age10 10 300 5.77 0 
 Age20* 20 300 8.53 0 
Age30 30 300 10.08 0 
Age40 40 300 11.15 0 
PHWD%     
PHWD0* 20 300 8.53 0 
PHWD15 20 300 8.53 15 
PHWD25 20 300 8.53 20 
PHWD30 20 300 8.53 30 
 
*: TPA300, Age20, and PHWD0 were assigned as the control group to ensure the same 
stand conditions among these three types of comparisons  
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Table 3.2: The number of infested trees (INF) and salvage trees (SA), and total number of 
both of trees (TOI) among four levels of stand density, stand age, and percentage of 
hardwood in the stand (PHWD) on day 0, day 15, day 30, and day 45 of infestation.  
 
 Day0 Day15 Day30 Day45 
 INF SA TOI INF SA TOI INF SA TOI INF SA TOI 
Stand density             
  TPA150 50 10 60 68 12 80 85 7 92       94 5 99 
  TPA200 50 16 66  69 11 80 89 11 100   98  9 107 
  TPA300 50 23 73 72 19 91 96 19 115 108 11 119 
  TPA400 50 29 79 75 19 94 103 22 125 117 21 138 
Stand Age              
  Age10 50 16 66 66 23 89 81 15 96 90 15 105 
  Age20 50 23 73 72 19 91 96 19 115 108 11 119 
  Age30 50 19 69 79 20 99 111 15 126 126 12 138 
  Age40 50 17 67 85 20 105 127 15 142 144 6 150 
PHWD%              
  PHWD0 50 23 73 72 19 91 96 19 115 108 11 119 
  PHWD15 50 12 62 70 17 87 90 14 104 100 10 110 
  PHWD25 50 19 69 66 16 82 81 16 97 89 12 101 
  PHWD50 50 6 56 60 7 67 67 6 73 71 6 77 
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Figure 3.1: Framework of SPBSPOT. (Note: grey rectangles indicate user interfaces.) 
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Figure 3.2: The series of comment buttons within the ―SPB SPOT‖ toolbar in ArcGIS. 
The interface of ―SPOT GROWTH SIMULATION‖ (illustrated) contains three tabs 
corresponding to ―Stand Condition‖, ―Species Composition‖, and ―Spot Growth Factors.‖ 
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(A) (B) 
Figure 3.3: Flowchart of Spot Growth Simulation. (A) Left side of the flowchart is used 
for selecting infested trees and assigning their affected-stages on initial spot size. (B) 
Right side of flowchart is used for selecting the other infested trees and assigning their 
affected-stages for the whole infestation period. 
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Is i the last day?Set i to the next day
Generate a polygon to cover
the whole infected trees
Calculate the area of 
the polygon (sq. ft.)
Yes
No
Yes
No
 
Figure 3.4: Flowchart of Affected Area Simulation (Note: grey rectangles indicate the 
special designed geoprocessing tools in ArcGIS). 
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Figure 3.5: Flowchart of Buffer Strip Simulation. (Note: grey rectangles indicate programs 
that use specially designed geoprocessing tools in ArcGIS.) 
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Figure 3.6: The trends of SPB spot growth and shifting buffer strip for salvage operation 
in the PHWD25 (25 percent of hardwood in the stand) scenario. (A1-5) Five GIS maps 
have been shown on Day 0, 10, 20, 30 and 40. Symbols with different colors and shapes 
are used to represent different affected-stages and tree species. Polygons are used to 
delineate both the area of infested trees and the related buffer strip. (B) The pattern of 
increasing number of infested and salvage trees and the combination size of affected area 
and the related buffer strip throughout the infestation. [Definitions: BA: the buffer strip 
region (purple polygon). AA: the affected area (yellow polygon). Upper: the combination 
size of affected area and buffer strip. Lower: the size of affected area. SAL: the number 
of salvage trees. INF: the number of infested trees. Green circle: the non-infested (live) 
pine. Lightly green circle: freshly attacked pine. Yellow circle: freshly attacked pine to 
the time of developing beetle brood. Red circle: pine with developing beetle brood. Grey 
circle: inactive pine (no live beetle brood). Blue square: the other hardwood species]. The 
following link provided more animations among the other management scenarios. 
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Figure 3.7: The expanding patterns of affected areas and buffer strip in three management 
scenarios. (A) Four levels of stand density. (B) Four levels of stand age. (C) Four levels 
of hardwood percentage in the stand. (Definitions: TPA: trees per acre. Age: stand age. 
PHWD: the percentage of hardwood in the stand. Upper: the combination size of affected 
area and buffer strip. Lower: the size of affected area. Base: the reference line for 
indicating the ultimate size of affected area without any salvage operation). The 
difference between Upper and Lower is the area of buffer strip. 
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CHAPTER FOUR 
THREE-DIMENSIONAL VISUALIZATIONS OF  
SILVICULTURAL TREATMENTS ON THE SOUTHERN PINE 
BEETLE INFESTATION STANDS AS SPOT SCALE 
 
ABSTRACT 
Although integrated pest management systems are currently adopted, SPB 
management remains a challenge because of diversity of landowners, dynamics of forest 
landscapes, and the uncertainty of success of management strategies. In this study, I 
incorporate the GIS-based spot growth model, SPBSPOT, into a 3-dimensional (3-D) 
visualization by using the visual simulator Visual Nature Studio (VNS). GIS maps of 
infestations are generated and used as the basis of 3-D visualizations to simulate spatial 
patterns of spot growth under various silvicultural treatments, including thinning, 
variations of tree species compositions, and stand restoration. The results indicate that 
these management practices, especially thinning, can reduce the severity of a SPB 
infestation, particularly on the number of trees killed. However, this does not necessarily 
result in a reduction of the size of the affected area. I believe that GIS-based 3-D 
visualizations can provide more realistic landscape images without the spatial and 
temporal limitations for improving the SPB management decision-making process. 
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INTRODUCTION 
Outbreaks of southern pine beetle (SPB), Dendroctonus frontalis Zimmermann 
(Coleoptera: Scolytidae), have severely impacted pine forests in the southern United 
States (Flamm et al., 1988; Price et al., 1998). Because of the widespread ecological and 
economic impacts caused by this pest, SPB has been studied extensively and its impacts 
are quite well understood. Using existing models, both population dynamics and 
infestation risk can be predicted sufficiently well to enable management on a cost 
effective basis (Hedden, 1985; Stephen and Lih, 1985; Clarke, 2001; Fettig et al., 2007). 
While there have been both regression and mechanistic models developed for simulating 
SPB spot growth, most of these focus on estimating SPB population dynamics and the 
number of trees killed rather than predicting the potential spatial patterns and effects of 
spot growth. 
In order to control and reduce the damage caused by SPB, an integrated pest 
management (IPM) approach is used. IPM can help us reduce pest populations and 
maintain them at levels below those that cause ecological or economic damage through 
the following strategies (Hedden, 1978; Vité, 1990; Edmonds et al., 2000): (1) 
developing a damage threshold where pest suppression is considered necessary, (2) 
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establishing a population monitoring system, and (3) developing silvicultural techniques 
to lower the population by interfering with the host selection behaviors of dispersing 
beetles. Although these management strategies have been implemented in response to 
SPB damage, millions of acres of forests are still impacted by SPB infestations every 
year (Oliver et al., 1994; Clarke, 2001; Stephens and Ruth, 2005).  
Despite the success of IPM programs, some challenges still constrain land 
managers’ ability to accomplish comprehensive IPM programs (Coster, 1980; Stark et al., 
1985; Clarke, 2001; Stephens and Ruth, 2005). Major constraints are: (1) Diverse land 
ownership: Responsibilities for pest detection and control differ across land ownerships, 
as do the management objectives and economic resources associated with each (Clarke, 
2001; Fettig et al., 2007). It can be particularly difficult to navigate the conflicting 
interests and discrepancy of perspectives from diverse landowners when attempting to 
manage forestlands for any purpose. (2) Dynamic forest landscapes: Pine forests are 
among the lands most susceptible to both wildfire and bark beetle impacts (Martell, 2001; 
FRAP, 2003). The variation of both age-class and size-class distribution of trees, and the 
differences among species compositions in regional forest stands make it difficult to 
detect and estimate geographical size of an infestation  or spreading patterns of either 
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wildfire or bark beetle infestation (Martell, 2001; FRAP, 2003). (3) The uncertainty 
effect of bark beetle management strategies: The primary management strategies include 
prescribed burning and mechanical thinning. However, it is difficult to predict the 
consequences of management strategies and determine how to efficiently implement 
them (Martell, 2001; Coster, 1980). It is even more challenging to illustrate the 
consequences and effects of a specified management operation.  
Due to these constraints, forest managers and researchers remain challenged in 
attempts to control a SPB infestation, to determine the best restoration strategy for forest 
ecosystem, and maintain public awareness (Waters, 1985; Stephens, 1998; Moore et al., 
1999; Pollet and Omi, 2002). For these reasons, an improved IPM system is needed that 
integrates the different objectives and resources due to having diverse landowners; 
organizing and analyzing the dynamic temporal and spatial data gathered through 
monitoring, evaluating the ecological and sociological impacts of alternative management 
strategies, and finally representing a comprehensive and sophisticated communication 
medium to ameliorate the decision-making process (Coster, 1980; Sheppard and Salter, 
2004). 
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The main objective of this study is to provide 3-D visualizations to make the SPB 
management decision-making processes more effective. 3-D visualizations are spatial 
representations and understandable communication techniques to help us to present 
different management alternatives and allow observation of forest landscapes without 
temporal and spatial limitations (Orland, 1994; McGaughey, 1998; Song et al., 2006). We 
use the GIS maps of probable infestations as the basis of visual simulator to generate 3-D 
visualizations. Consequently, we aim to support a visual communication technique not 
only to deliver the complex information to different stakeholder groups, with varying 
needs and degrees of knowledge on forest science, but also to delineate spatial and 
temporal changes in forest landscapes resulting from the multiple purposes and 
alternative SPB management operations (Sheppard and Salter, 2004; Song et al., 2006). 
SIMULATION APPROACH 
In this study, I simulate the probabilities of spread within SPB spots in loblolly 
pine (Pinus taeda L.) stands in the southeastern U.S. Spot growth is mapped using the 
GIS-based SPB spot growth model, SPBSPOT, using ArcObject and Microsoft Visual 
Basic for Application (VBA) in ArcGIS (reference previous chapter). Then, GIS maps of 
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predicted spot spread can be modified using the initial stand characteristics for different 
SPB management practices (e.g. thinning, species mixtures, and stand restoration) 
(reference previous chapter). Finally, these GIS maps of infestations are used as the basis 
of 3-D visualizations to simulate the trends of spot growth by using a terrain-modeling 
software package, Visual Nature Studio (VNS) (3D Nature Inc. 1991-2009, 
). 
GIS-based simulation of SPB spot growth 
In this chapter, the GIS maps of SPB spot growth are simulated through the three 
subroutines of SPBSPOT (Fig. 4.1). First, a target stand with trees represented as points 
is created by the subroutine ―Specified Stand Generation‖. Two programs ―Point Pattern 
Generation‖ and ―Stand Condition Assignment‖ compile to this subroutine. Alternatively, 
the forest stand database and GIS attributes of a real stand can be used as the target stand 
layer. Second, the spatial and temporal trends of spot growth are generated through the 
subroutine ―Spot Growth Simulation‖. Third, by compiling the outcomes from the 
previous subroutines with the subroutine ―Affected Area Simulation‖, I can display SPB 
infestation dynamics illustrating both the dimensions of the expanding area and the 
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changes in affected-stage trees. Therefore, I can generate any specified stand pattern by 
assigning the parameters of stand conditions through these three subroutines from 
SPBSPOT (The details of SPBSPOT have been discussed in the section, The 
implementation of SPBSPOT, from Chapter 3.)  
3-D visualization of SPB spot growth 
A flowchart demonstrating the 3-D visualization process is shown in Fig. 4.2. The 
environment of 3-D visualization is VNS, a 3-D photo-realistic landscape-visualization 
simulator. The concepts of generating the 3-D landscape visualizations are: 1) displaying 
the base layer of landscape (i.e., terrain or landform), 2) delineating the boundaries of 
interest topic (i.e., the spatial arrangement of forest types, stand conditions, or degrees of 
infestation severity), 3) rendering the image-based objects, such as foliage, snags, 
deadfall, ground cover and other vegetation types for understory and overstory of forest 
stands, to realistically represent the composition and structure of the boundary of interest, 
as well as its spatial relationship to the other objects. 
VNS can directly import the landcover map and digital elevation models (DEM) 
as the terrain base, and use GIS stand maps, infestation patterns, and specified tree 
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images to assign to landscape patches (within VNS, they are called ―ecosystem 
components‖) (Fig. 4.2). After attaching these ecosystem components to the 
corresponding landscape patches and stands, various scenarios of SPB infestations can be 
visualized under specified stand conditions. The above approach is used to create a 3-D 
visualization for 1 day. In order to simulate the trend of spot growth, 3-D visualizations 
for the whole period of spot growth are generated by repeating the process of ―assign 
ecosystem components‖ until the last day of the SPB spot growth simulation. 
Realistic foliage images can be obtained from photos taken in the field or by 
creating digital images on a computer. In this study, computer-designed foliage images 
were created using OnyxTree Professional (Onyx Computing Inc. 1992-2008, 
). This approach is capable of synthesizing realistic-looking tree 
images and provides a user-friendly platform. In this study, five categories of foliage 
images were generated for pine species under different SPB affected stages and one 
foliage images for hardwood species (Fig. 4.3). 
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Comparison of GIS maps and 3-D visualizations from different silvicultural strategies 
Following the above approach, this approach can generate GIS maps and 3-D 
visualizations for determining the size of an infested area and the spreading trends of SPB 
spot growth under different silvicultural strategies. First, it simulates stands (site index 
(SI) = 70, age = 40 year, height = 65 ft) with different stand densities, including low 
(basal area (BA) = 90 ft
2
 per acre, diameter at breast height (DBH) = 9.15 inch), medium 
(BA = 120 ft
2
 per acre, DBH = 8.46 inch), and high (BA = 180 ft
2
 per acre, DBH = 7.76 
inch) stand densities to see if stands with higher densities would cause more widespread 
damage. Second, it simulates a pure pine stand (natural loblolly pine) and a mixed forest 
stand (mixture of loblolly pine, yellow poplar (Liriodendron tulipifera L.), and white oak 
(Quercus alba)) having the same stand condition (SI = 70, age = 40 year, height = 65 ft, 
BA = 180 ft
2
 per acre, DBH = 7.76 inch) to determine whether the species composition of 
stands affect trends of spot growth. And third, it simulates infestation growth in a young 
loblolly pine plantation (about 15 years old, DBH = 5.46 inch, height = 40 ft, SI = 55, BA 
= 120 ft
2
 per acre) and a mature loblolly pine stand (about 40 years old, DBH = 8.46 in, 
height = 65 ft, SI = 70, BA = 120 ft
2
 per acre) to determine whether young stands are 
more resistant to SPB damage than mature stands. Using these simulation procedures, we 
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compare both the number of trees killed and the affected area during 50 days among 
different management scenarios. 
RESULTS AND DISCUSSIONS 
The simulation approach was used to generate five different scenarios, including 
natural mature loblolly pine stands with high, medium, and low stand density, a mixed 
forest stand with loblolly pine, white oak, and yellow poplar, and a young loblolly pine 
plantation with medium stand density. Simulation outputs for these five management 
scenarios are represented as GIS maps and 3-D visualizations (Fig 4.4-4.9). 
Comparison of 2-D GIS maps and 3-D visualizations among different density stands 
Three different stand densities in mature loblolly pine stands are generated (Fig. 
4.4). By the end of the spot growth simulation (day 50), the spot intensity (no. of trees 
killed), in the high density stand is the greatest (68, 49, and 41 infested trees for the high, 
medium, and low density stand, respectively). However, the affected areas are larger in 
medium and low density stands (0.110, 0.137, and 0.177 acres for the high, medium, and 
low density stands, respectively). The largest area occurs in the low density stand. 
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In addition, these 3-D visualizations for SPB infestation dynamics with different 
stand densities (Fig. 4.5-4.7) show that the affected area in the low density stand is the 
largest, although it always has the slowest spreading speed. Visualizations using 2-D GIS 
maps illustrate over-all spatial patterns with abstract symbols (Fig. 4.4), while  3-D 
visualizations allow illustrate the same phenomena with foliage features, stereo 
viewsheds, and specially designed foliage images (Fig. 4.5-4.7).  
3-D visualizations illustrate that the trend of spot growth in the high density stand 
is aggregated and extensive. In contrast, the spot growth trends are distract and slower for 
medium and low density stands, and the number of trees killed has a high positive 
correlation with stand density. However, the affected area has a negative relationship 
with it. Therefore, not only can this method be used to assess the trend of spot growth and 
compare the rate of spread among different stand densities, but it can also be used to 
detect changes in the pattern of affected areas. 
Comparison of 2-D GIS maps and 3-D visualizations between loblolly pine stand and 
mixed forest stand 
When comparing the spreading trends of SPB spot growth in a pure loblolly pine 
stand versus a mixed forest stand (Fig. 4.4), the affected area in the pure pine stand 
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(0.137 acres) is slightly smaller than in the mixed species stand (0.129 acres).  Spot size 
in the pine stand is significantly greater than the mixed species stand (68 and 42 infested 
trees in pure pine and mixture forest stand, respectively). 
The losse from SPB infestation in a pure pine stand is more serious than in a 
mixed stand. In the pure pine stand, the rate of spot growth is faster and the size of the 
infested area keeps growing until the spot turns to be inactive. Although the affected area 
in the mixed forest stand is larger, the SPB spot grows more slowly. Therefore, if the 
primary management concern is the economic impact of SPB, a manager would be more 
interested in spot intensity than affected area. 
Using 2-D GIS maps (Fig. 4.4), it is difficult to represent different species using 
symbols. It is easier to identify different tree species in 3-D visualizations (Fig. 4.5 and 
4.8). Within VNS, different foliage effects represent different tree species, ages, and 
seasons using specified foliage colors, crown shapes, and form structures. Compared to 
the 2-D GIS maps, 3-D visualizations provide a more realistic representation of spot 
growth in forest stands having mixed species compositions. 
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Comparison of 2-D GIS maps and 3-D visualizations between a mature loblolly pine 
stand and young pine plantation 
When comparing SPB infestations between a mature stand and young plantation 
(Fig. 4.4), the number of trees killed in a young pine plantation (54 infested trees) is 
greater than in the mature stand (49 infested trees). The affected area in the mature stand 
(0.110 acres) is significantly greater than in the young stand (0.066 acres). This suggests 
that a younger pine stand is not necessarily resistant to SPB attack if the stand is dense. 
Trends of spot growth between mature and young loblolly pine stands are distinct in both 
the 2-D GIS maps (Fig. 4.4) and 3-D visualizations (Fig. 4.6 and 4.9). Trend of spot 
growth in the mature loblolly pine stands is more dense and tall; while, it is more regular 
and small in the young loblolly pine stands. Both have rapidly spreading SPB spots in 
dense stands. This implies that stand density and the distance between pines are important 
factors when determining spot intensity. 
CONCLUSIONS 
Using the representative styles of 3-D landscape visualizations, I simulated time-
series visualizations to compare the influence of disturbances on different forest stands, 
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simulated the rate of spot growth as a 3-D visual animation for a short-term outbreak, and 
evaluated the response and efficiency of different management strategies using 3-D 
visual landscape panoramas.  
In summary, silvicultural treatments such as thinning and species mixture 
strategies modified the impacts of SPB infestations. . In this study, I reached the 
following conclusion, 3-D GIS-based visualizations are a comprehensive communication 
medium that can simplify complicated information and provide visualizations based on 
both spatial and temporal dimensions that improve understandability for decision makers 
having diverse backgrounds in forest management practices.  
In the future, SPBSPOT may be applied on more practical scenarios to predict the 
trends of spot growth, and improve comparisons of simulated spot growth from different 
silvicultural treatments in real stand situations. In addition to simulating SPB outbreaks 
and their impacts among different silvicultural treatments, it can be linked to other expert 
ecological prediction models and other available GIS databases to predict long-term 
impacts following SPB infestations. Eventually, multi-spatial and multi-temporal 3-D 
visualizations will be expected to improve SPB decision-making process by combining 
the GIS-based spot growth model and visual simulator.  
 82
  
Specified Stand Generation
Point Pattern Generation
Stand Condition Assignment
Forest stand 
Database
Spot Growth Simulation
SPB Spot Growth Model
Affected Area Simulation
…
Day 1
Day 0
Day Final
GIS attribute
1.
2.
3.
 
Figure 4.1: Framework of SPBSPOT. Only three subroutines of SPBSPOT are shown for 
the infestation size and spreading trend simulations. 
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Figure 4.2: Flowchart of 3-D visualization within VNS. ―Assign Ecosystem 
Components‖ is constructed with three steps. First, the ―ground effect‖ is visualized for 
the soil, litter, and other surface materials. Second, species composition, stand density, 
and average tree heights are assigned for the ―overstory and understory ecotype‖. And 
third, specified photo-realistic tree images are linked to the appropriate tree ―foliage 
effects‖.  
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Figure 4.3: Specific created foliage images. (A) Pine species with green foliage in good 
condition. (B) Pine species with light green foliage under SPB freshly attack. (C) Pine 
species with brown foliage under intermediate conditions between SPB fresh attacks and 
developing beetle broods. (D) Pine species with red foliage subject to SPB developing 
beetle broods. (E) Pine species with grey foliage in dead condition. (F) White oak 
(Quercus alba L.). (G) Yellow poplar (Liriodendron tulipifera L.).  
A. B. D.
E.
C.
G.F.
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Figure 4.4: GIS maps of SPB spot growth in five different silvicultural treatments during 
a 50-day circle simulation. A0, A15, A30 and A50 are simulated for the high density pine 
stand on day 0, 15, 30, and 50, respectively. B0, B15, B30 and B50 are simulated for the 
medium density pine stand on day 0, 15, 30, and 50, respectively. C0, C15, C30 and C50 
are simulated for the low density pine stand on day 0, 15, 30, and 50, respectively. D0, 
D15, D30 and D50 are simulated for the mixed pine-hardwood forest stand on day 0, 15, 
30, and 50, respectively. E0, E15, E30 and E50 are simulated for the young loblolly pine 
plantation on day 0, 15, 30, and 50, respectively.  
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Figure 4.5: 3-D visualizations of SPB spot growth in the mature pure pine stand with high 
stand density during a 50-day circle simulation.   
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Figure 4.6: 3-D visualizations of SPB spot growth in the medium density pine stand 
during a 50-day circle simulation.  
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Figure 4.7: 3-D visualizations of SPB spot growth in the low density pine stand during a 
50-day circle simulation.  
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Figure 4.8: 3-D visualizations of SPB spot growth in the mixed pine-hardwood forest 
stand during a 50-day circle simulation.  
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Figure 4.9: 3-D visualizations of SPB spot growth in the young pine plantation during a 
50-day circle simulation. 
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CHAPTER FIVE 
USING SPBSPOT TO EVALUATE THE ECOLOGICAL AND 
ECONOMIC EFFECTS OF DIRECT CONTROL –  
SALVAGE OPERATION 
 
ABSTRACT 
Salvage is one of the most commonly recommended management methods for 
SPB infestations because it provides some cost recovery for losses. When evaluating the 
effect of salvage operations, both the ecological and economic effects should be 
considered. In this study, the GIS-based SPB spot growth model SPBSPOT is used to 
simulate the spreading trends of a SPB infestation under four levels of damage severity. 
The related buffer strip regions and economic impacts of salvage operations are evaluated 
by the subroutines ―Buffer Strip Simulation‖ and ―Economic Impact Estimation‖ from 
SPBSPOT. Results indicate that a salvage operation is not necessary for infestations of 
light severity, having an initial spot size of around 30 trees. For higher severity 
infestations with initial spot size greater than 100 trees, a salvage operation is critical. 
Generally, a practical salvage operation time begins 20 days after an infestation is 
detected. In the long term (i.e., 15 to 25 years), the economic effect of salvage operation 
is not as active as in the short term (i.e., 5 to 10 years). In addition, the effectiveness of 
salvage operation is more prominent on the short term harvest benefit as the infestation is 
more serious. The validation of the estimated financial factors (i.e., NPV and BCR) is 
also discussed. SPBSPOT with the inclusion of the subroutine ―Economic Impact 
Estimation‖ can be used to estimate the ecological and economic impacts of spot 
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infestations in order to provide organized and comprehensive representations with spatial 
and temporal dimensions. 
INTRODUCTION 
The Southern Pine Beetle (SPB), Dendroctonus frontalis Zimmermann 
(Coleoptera: Scolytidae), is one of the most destructive pine bark beetles in the southern 
United States. SPB infestations commonly originate in poorly managed or overstocked 
stands. Once underway, outbreaks can spread rapidly; killing trees over hundreds of 
acres, and move into managed stands. Losses due to SPB can be reduced by monitoring, 
detection, evaluation, and direct control programs (Billings and Mendoza, 2005). 
However, good forest stand management is the most recommended method to limit 
susceptibility to bark beetles and prevent losses. When infestations (spots) occur, direct 
control is the only prompt and effective tactic to minimize timber losses.  
There are currently four proven control methods for SPB infestations: salvage 
(cut-and-remove), cut-and-leave, pile-and-burn, and chemical control (hand-spray) 
(Billings, 1980; Swain and Remion, 1981; Georgia Forestry Commission, 1993).  
(1) Salvage: Usually applied on large-area infestation, and involves the cutting and 
removal of all infested and uninfested trees around the active head of the spot. 
The active head of the spot is the area of a spot containing beetles in the process 
of attacking live pines (Fig.5.1) (Billings and Pase, 1979). The salvage area 
typically consists of a 10- to 100-ft wide buffer strip (buffer strip width is based 
on the level of damage) (Texas Forest Service, 1976). Removed trees can be sold 
to cover the cost of the control operation. 
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(2) Cut-and-leave: This is suitable for use in small to medium sized spots and usually 
requires less time between the first detection and implementation of the control 
treatment. This involves felling infested trees to create a buffer between infested 
and adjacent, uninfested, green trees toward the center of the spot. This technique 
disrupts pheromone dispersal and beetle attack behavior. 
(3) Pile-and-burn: This is a rarely used technique, that is sometimes used in 
infestations in pulpwood or young plantations, where infested trees may be easily 
bulldozed and piled for burning. This treatment can only be applied when fire 
danger is low. 
(4) Chemical control: In this, pesticides are applied to previously cut infested trees 
when infestations are inaccessible for a salvage operation. 
Salvage is not appropriate for management of all SPB spots because of the 
challenge of gaining access to the site for heavy logging equipment or the ability to 
implement salvage operations in a timely manner. However, it is still the most 
recommended management practice as it provides some cost recovery for losses due to 
SPB infestation (Billings, 1980; Clarke and Billings, 2003; Fettig et al., 2007). Frequent 
monitoring during times of high risk for SPB infestation, reducing the reaction time 
between first detection and implementation of control tactics, and predicting potential 
patterns of spot dynamics and the corresponding buffer strip would contribute to 
improving salvage operations (Billings, 1980; Clarke and Billings, 2003; Fettig et al., 
2007).  
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In this study, SPBSPOT, a GIS-based SPB spot growth model, is used to simulate 
the affected area of SPB infestations and to predict the size and location of the buffer 
strip. It is also used to estimate the number of trees within both the infestation as well as 
infested the buffer strip. Subroutines within SPBSPOT simulate the effects of salvage 
operation under different levels of SPB infestation severity. The economic impacts of a 
salvage operation are evaluated and optimal salvage time is predicted. We estimate the 
financial factors on the final harvest years for different scenario comparisons. Validation 
of these focused subroutines is demonstrated by comparing the simulated results with the 
real data. The objective of this study is to provide comprehensive representations (i.e., 
animations, diagrams, and charts) with the dimensions of ecology and economy to 
improve the evaluation and communication of SPB direct control management. 
METHODS 
SPBSPOT 
The model SPBSPOT is composed of four subroutines: ―Specified Stand 
Generation,‖ ―Spot Growth Simulation,‖ ―Affected Area Simulation,‖ and ―Buffer Strip 
Simulation‖ (Fig. 5.2). Each subroutine is created as an individual interface for setting up 
the required input parameters and output options (Fig. 5.3). In this chapter, an additional 
subroutine ―Economic Impact Estimation‖ is created that allows evaluation of the 
economic loss due to the SPB infestations.  
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Economic Impact Estimation 
The economic impact is estimated based on the loss due to the SPB infestation 
(i.e., timber loss, SPB management cost, and salvage operation cost), offset by plantation 
costs, timber harvest benefits and salvage timber benefits. In this study, the merchantable 
timber of loblolly pine (Pinus taeda) is assumed to be the economic product. Loblolly 
timber volume/weight is calculated from individual-tree volume/weight models 
developed by Plantation Management Research Cooperative (PMRC), University of 
Georgia (Pienaar et al., 1987; Borders et al., 1990; PMRC, 1996): 
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Where Dm is the merchantable top diameter (in), VOBm is the stem volume with 
outside bark to a top diameter of Dm (ft
3
), GWWBm is the stem green weight with bark to 
a top diameter of Dm (lbs), DBH is the average diameter at breast height (DBH) (in), and 
HT is the average height of the trees in the stand (ft). The parameters (i.e., b0 - b4 and c0 - 
c5) in these models are based on the physiographic study region (PMRC, 1996). In this 
study, merchantable timber is classified into three products graded by the terms DBH and 
Dm as pulpwood (4.5 in < DBH < 8.5 in, Dm = 2 in), chip-n-saw (8.5 in < DBH < 12.5 in, 
Dm = 4 in), and sawtimber (DBH > 12.5 in, Dm = 8 in). 
Data for individual-tree volume/weight, number of trees per acre (TPA), and 
average height in the stand are used to estimate the volume/weight for every DBH class 
(i.e., 4 - 5 in, 5 - 6 in, 6 - 7 in, and so on) in the stand for summarizing the total stand 
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volume/weight. In this study, the TPA for uninfested and infested trees is altered by 
implementing salvage operations at different times during the SPB infestation. In this 
subroutine, TPA for uninfested and infested trees can be estimated by setting up the 
specified salvage operation date and using the results from the previous subroutines (i.e., 
the number of trees within the affected area, within the buffer strip, or outside of the 
former both).  
The financial factors are net present value (NPV) and benefit/cost ratio (BCR). In 
finance, NPV is defined as the sum of present value of a time series cash flow 
(Leuschner, 1984; Klemperer, 1996). BCR summarizes the overall value of a 
management plan (Leuschner, 1984; Klemperer, 1996). These variables are used to 
evaluate if a plan can provide financial benefit over some set period of time. If the 
estimated NPV is higher, the management plan provides profit. If the estimated BCR is 
smaller than one, there is no net profit for the plan. They are calculated by the following 
functions: 
NPV = PB – PC                                                                                                              (5.3) 
BCR = PB / PC                                                                                                               (5.4) 
Where PB is the present benefit ($/acre), calculated as the present value of timber 
products plus salvage timber. PC is the present cost ($/acre) based on the present value of 
site preparation costs, annual management expenditures, harvest costs, and salvage fees. 
The salvage fee includes the cost of removing trees from the affected area and buffer strip 
plus the cost of SPB detection, control, and monitoring. Therefore, by comparing 
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financial factors throughout the infestation cycle, the economic impact assessment can be 
demonstrated using the figures and charts are generated by this subroutine.  
Simulation of the effect of salvage operation among different levels of SPB infestation 
Four levels of damage severity are simulated over a 40 day infestation cycle. In 
this study, the initial spot size (ISP), the number of infested trees in the initial spot on day 
0 of the infestation, is used to represent the severity of the infestation. Four levels of 
damage severity are used: 30 ISP for light severity, 50 ISP for medium severity, 100 ISP 
for high severity, and 150 ISP for extremely high severity.   
(1) Spatial spot growth and related buffer strip simulation: The SPB infestation is 
simulated in a pure loblolly pine stand with the following specified stand 
conditions: site index (SI) = 70, age = 20, area = 5 acre, TPA = 300, and DBH = 
8.53 in, by using the subroutine ―Specified Stand Generation.‖The subroutines 
―Spot Growth Simulation‖ and ―Buffer Strip Simulation‖ are then used to simulate 
spatial trends of spot growth and the related buffer strip regions for four levels of 
SPB damage severity. According to the theory of different active heads of spot to 
different levels of damage severity (Billings, 1980), the width of the related buffer 
strip for salvage operation is given as 20 ft for light and medium severity and 30 ft 
for high and extremely high severity.  
(2) Estimation of both economic impacts and optimal salvage time determination: 
Using the results from the subroutines described above, the economic impact 
factors (i.e., NPV and BCR) are estimated for each day of the entire infestation 
period. The related financial parameters are assigned by referencing to Timber 
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Mart-South (2009) (Table 5.1). In a 1-year-old stand, site preparation cost is $850 
per acre, annual management expenditure is $5 per acre, salvage control and 
harvest cost fees are $2 and $1 per tree, respectively. Salvage occurred when the 
stand is 20-year-old. Loblolly pine salvage and harvest benefits are estimated as 
green weight with bark and classified into the three products, sawtimber, chip-n-
saw, and pulpwood.  
In order to determine optimal salvage time, the total number of infested 
and salvage trees and the size of both the affected area and buffer strip have to be 
considered simultaneously. The time when maximum BCR and/or NPV are 
reached is determined as the optimal salvage time during the infestation under the 
criteria of: 1) time when the size of both affected area and buffer strip is smaller 
than the ultimate size of the affected area if no salvage operation is conducted, 
and 2) the time when the total number of infested and salvage trees is less than the 
maximum possible number of infested trees without any salvage operation is 
reached (i.e., the point at which salvage operations are a compensatory rather than 
additive loss of trees). Under the criteria, the salvage operation would be 
meaningful to control the number of infested trees and the size of affected area. 
(3) Salvage operation evaluation on final harvest years: In order to evaluate the effect 
of a salvage operation on the long-term economic impact, NPVs under four levels 
of damage severity are estimated for different salvage operation scenarios and 
compared to the end of the rotation years. Three different salvage operation 
scenarios are simulated in a pure loblolly pine stand under the same stand 
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conditions mentioned previously in this chapter. One scenario is simulated in a 
stand with SPB infestation at age 20 without salvage operation; one is simulated 
in a stand with a salvage operation when SPB infestation at age 20; and the other 
one is a control group simulated in a stand without any SPB infestation . Each 
scenario is evaluated with a final harvest year at age 25, 35, and 45k. 
In addition, the estimated NPVs in a stand without any SPB impact are 
used as the base reference to compare the relative harvest benefits under the SPB 
impact stands between the estimated NPVs in the stands with salvage operation 
and without salvage operation.  
RESULTS AND DISCUSSIONS 
Spatial spot growth with related buffer strip simulation 
GIS-map animations illustrating trends of SPB spot growth and the effects of 
buffer strip are displayed for four levels of infestation severity (Fig. 5.4).A series of 
expanding affected-areas and changing numbers of attacked trees are shown along with 
the corresponding numbers of infested and salvage trees, and the related areas of both the 
affected area and buffer strip. The patterns of an increasing number of infested trees and 
the increasing size of affected area are shown in the figures, as well as the number of 
salvage trees and the size of the buffer strip throughout the infestation (upper parts of 
Figs.5.5A-D).  
In an extremely high severity infestation (Figs. 5.4A1-3, upper part of Fig.5.5A), 
the number of salvage trees grows as the number of infested trees increases. Once the 
spot becomes inactive (i.e., there are no more new trees to be infested), the buffer strip 
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begins to shrink. In addition, the affected area, and the buffer strip (upper parts of 
Figs.5.5A-D),  keep the similar expanding patterns as the growing patterns of numbers of 
infested and salvage trees ( the upper part of Fig.5.5A).  
In high severity infestations (Fig. 5.4B1-3; upper part of Fig.5.5B), the width of 
the buffer strip (30 ft) is the same as the width in the extremely high severity infestation, 
when the spot becomes inactive the number of salvage trees and the region of the buffer 
strip shrink more significantly than in the extremely high severity infestation. One of the 
possible reasons is that the number of infested trees is apparently fewer in the high 
severity infestation (i.e., 100 ~ 210 trees) than in the extremely high severity one (i.e., 
150 ~ 297 trees). 
In the medium severity infestation (Fig. 5.4C1-3; upper part of Fig.5.5C), the 
number of salvage trees and the region of buffer strip shrink even more rapidly than the 
high and extremely high severity infestations as the spot becomes to be inactive. The 
possible reasons are that: 1) the number of infested trees is lower (i.e., 50 ~ 107 trees), 
and 2) the required width of the buffer strip is narrower (i.e., 20 ft). The same situation 
happens in the light severity infestation (Fig. 5.4D1-3; upper part of Fig.5.5D), the region 
of the affected area is small and the spot expands slowly.  
The GIS-map animations help us to illustrate the direction and the size of spot 
growth. And also help us visually compare the patterns of spot growth during different 
levels of severity throughout the whole period of infestation.   
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Economic impacts estimation and optimal salvage time determination 
The patterns of the estimated NPVs and BCRs throughout the infestation have 
been displayed for four levels of damage severity (lower parts of Figs. 5.5A-D). The 
estimated NPVs and BCRs decrease as the infestation grows, then stabilize as the 
infestation becomes inactive. The patterns indicate that the there are more serious 
economic impacts when the SPB infestation is increasing. All estimated NPVs are 
negative and all estimated BCRs are <100% for the four levels of simulated damage 
severity used throughout the simulated infestations. The estimated NVPs are in a range 
between -325 and -455, between -280 and -360, between -255 and -280, and between -
230 and -260 for extremely high, high, medium, and low severity infestations, 
respectively. The estimated BCRs are in a range between 78% and 70%, between 82% 
and 76.5%, between 83.5% and 81.5%, and between 85% and 83% for extremely high, 
high, medium, and low severity infestations, respectively. It indicates that a harvest 
cannot gain any profit at the 20-year-old growth state under any level of SPB infestation. 
The salvage operation can be meaningful under the criteria: at the left side of the 
black vertical solid line and at the left side of the red vertical solid line simultaneously 
(Fig. 5.5). The time when occurs earlier than the time when in any levels of SPB 
infestation severity. Then, compare to consider the number of infested trees; it is more 
critical to consider the infestation size when deciding a meaningful salvage operation 
time to control the ecological impacts. The meaningful salvage operation time is in 20 
days, 21 days, 19 days, and 12 days after the infestation is detected for the extremely 
high, high, medium, and light severity infestations.  
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When considering economic impacts, the time for implementing salvage 
operation should be as short as possible because the maximum NPVs and BCRs occurred 
at the same time as the infestation is detected. The maximum NPVs and BCRs for the 
high and extremely high severity infestations are at one and three days after the 
infestations are detected, respectively (lower parts of Figs. 5.5A-B).This implies that the 
salvage operation should be implemented as soon as possible in higher severity 
infestations. On the other hand, the maximum NPVs and BCRs for the medium and low 
severity infestations occur at nine and six days after infestations are detected, 
respectively. The optimal salvage times for the lower severity infestations are more 
feasible than the time for the higher severity ones, because one to two weeks of time is 
needed for facilities mobilization and salvage operation preparation (Billings and Pase, 
1979).  
Although a salvage operation can mitigate the impact of SPB attacks (i.e., 
decreasing the size of infestation and the number of infested trees) in medium severity 
infestations (Fig. 5.5C) the effectiveness of a salvage operation is not obvious. One 
possible reason is that the decreases of both NPV and BCR are minor. The differences 
throughout the medium severity infestation are less than $30 and 2% for NPV and BCR, 
respectively. Compared to the high and extremely high severity infestations (Fig. 5.5A-
B), decreases of both NPV and BCR are greater than $100 and 5%, respectively. 
Similarly, the salvage operation may not necessary in the low severity infestation (Fig. 
5.5D), because it only mitigates SPB impact with minor effects.  
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Salvage operation evaluation on final harvest years 
The estimated NPVs under three specified scenarios using harvest years of 25, 35, 
and 45-year-old stands and four levels of SPB damage severity are shown in Fig. 5.6. At 
harvest a 25-year-old stand has an NPV of harvest benefit of $551 for stands without SPB 
impact. When these stands were attacked by SPB, the harvest benefit is reduced whether 
there was a salvage operation or not. However, the NPVs of harvest benefit are greater in 
stands with a salvage operation than stands without a salvage operation. The range of 
NPVs in SPB infested stands with a salvage operation are between $431 and $259. While 
range of NPVs in SPB infested stands without a salvage operation are between $228 and 
$206. When the stands mature, harvest benefits increase dramatically. Among these three 
scenarios, the range of the NPVs are between $551 and 206, between $2,641 and 2,011, 
and between 5,306 and 4,391 at the harvest ages of 25, 35, and 45-year-old stands, 
respectively. However, the patterns of relative harvest benefit among these three 
scenarios remain the same.   
When comparing the relative harvest benefit under the SPB impact stands 
between the blue and red bars (the NPVs in the SPB infestation stands with and without 
salvage operation) (Fig. 5.7), if the differences between the blue bars and red bars are 
greater, it indicates that the salvage operation is more effective on reducing the economic 
impacts. The differences between blue and red bars are around 37% - 10% on the 25-
year-old stand. While the differences between blue and red bars are less than 10% and 
5% for the 35 and 45-year-old stands, respectively. A salvage operation can reduce 
economic losses from SPB impact in the short-term (i.e., 5 years after the SPB infestation 
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occurred) to a greater extent than in the long-term (i.e., 15-25 years after the SPB 
infestation occurred).When infestations are severe , the effects of a salvage operation are 
more prominent. Almost 20 years after the SPB infestation, it is hard to tell the effects of 
salvage operation. 
VALIDATION OF THE ESTIMATED FINANCIAL FACTORS 
Models have been developed for assessing the economic consequences of stand 
growth and yield on loblolly pine plantations. For instance, TAUYEILD (Amateis et al., 
1999), ECONHWD (Sprinz et al., 2000), and PTAEDA (Version 4.0; Burkhart et al., 
2008) are computer programs providing yield estimates, stand growth predictions, and 
financial analyses. These models only estimate NPV as a financial factor and have the 
limitation of specifying the site index (SI), i.e., SI is assigned as 60 in the models 
TAUYEILD and ECONHWD, while SI is only assigned as 50 in PTAEDA. Therefore, 
when I compare my estimated NPV (-260.45) without SPB impact in a 20-year-old stand 
with these three models, I calculate the NPVs as -328.46, -302.23, and -396.35 from 
TAUYEILD, ECONHWD, and PTAEDA, respectively. The value I estimated is higher 
than the others for the following reasons: 1) the SI (50) in PTAEDA is smaller than the SI 
I used, the models TAUYEILD and ECOHWD do not include chip-and-saw products in 
their harvest estimation, and TAUYEILD and ECOHWD only estimate yield benefit 
from stem volume in cord for pulpwood and in board feet of International 1/4 log rule for 
saw-timber rather than estimating the green weight in tons. All of these factors can cause 
deviations when estimating harvest benefits using different models.  
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The estimated NPV from our model cannot be directly compared with the other 
models for validation. However, the timber weight/volume functions, the diameter 
distribution yield model, and the product categories used in our model follow the widely 
practiced and approved simulator (Pienaar et al., 1987; Borders et al., 1990; PMRC, 
1996). In addition, our financial factor estimation model is based on the same 
fundamental theory and model structures as the other models (Amateis et al., 1999; 
Sprinz et al., 2000; Burkhart et al., 2008). Although economic assessment models for 
loblolly pine plantations only focus on NPV estimation, it is more useful to consider BCR 
estimation when discussing the effect of salvage on SPB infested stands (Clarke and 
Billings, 2003).  
CONCLUSIONS 
SPBSPOT is expanded with the subroutine ―Economic Impact Estimation‖ to 
estimate the ecological and economic impacts of spot infestations and allows users the 
flexibility to specify stand situations and design management scenarios for their own 
needs.  
Different damage severities can be simulated in SPBSPOT during the SPB 
infestation simulation making it possible to evaluate the effect of salvage operations on 
both economic impacts and spatial patterns of the infestation. For different infestation 
severities, forest managers already know that they need to implement salvage as soon as 
possible during high severity infestations and that they can leave light infestations run 
their course (Billings, 1980; Swain and Remion, 1981). This research provides more 
substantial evidence (i.e., the spatial spot growth simulation) to support these 
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conclusions. This model provides an effective tool for deciding an optimal time for 
implementing a salvage operation based on different levels of SPB damage. From my 
simulations, salvage operations are usually effective if done within 20 days of the 
infestation being detected. When considering the economic effects, the optimal time to 
begin salvage is within three days for heavier infestations. In the long term (i.e., 15 to 25 
years), the economic effect of salvage operation is not as important economically as it is 
in the short term (i.e., 5 to 10 years). In addition, the effectiveness of a salvage operation 
is more prominent on short term harvest benefits if the infestation is severe. 
 SPBSPOT provides a comprehensive set of organized illustrations of SPB spot 
growth with ecological impact and economic evaluation for improving communication 
among the scientists, land managers, and stakeholders who have diverse backgrounds and 
objectives regarding SPB management and control.  
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Table 5.1: Financial parameters for the economic impact estimation (interest rate = 1.5%) 
Financial Parameter Value
1
 ($) Stand-age 
Site preparation cost /acre 850 1 
Annual management expenditure / acre 5 1-20-40 
Salvage fee / tree 2  20 
Harvest cost / tree 1  20 
Loblolly pine salvage/harvest Benefit
2
  
(Green weight with bark) tons / acre 
    Sawtimber / tons 
    Chip-n-Saw / tons 
    Pulpwood / tons 
 
 
40 
20 
10 
20-40 
 
20 
20 
20 
1 
The values are assigned by referencing of Timber Mart-South (2009). 
2 
Salvage benefit is only estimated the timber volume from non-infested tree 
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(A)  
(B)  
                                                 
                                              
                                              
Figure 5.1: The visualizations of salvage operation with the related regions of the buffer 
strip. (A) The application of salvage operation for a light severity SPB infestation. The 
pines within the treated area would be cut and removed. The region of those infested 
pines is called as a spot. The region of those felled and uninfested pines is called as the 
buffer strip. The region of those felled and infested pines is called the active head of the 
spot. (B) The application of salvage operation for a heavier severity SPB infestation. 
Uninfested pine standing Uninfested pine felled 
Stage 2 standing Stage 2 felled 
Stage 3 standing Stage 1 felled 
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There are more than 100 affected trees in a spot. The buffer strip should cover more non-
infested pines to prevent the expansion of high severity spot. (Adjusted from Billings and 
Mendoza, 2005)  
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Figure 5.2: Framework of SPBSPOT. (Note: grey rectangles have user interfaces)
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Figure 5.3: The series of comment buttons within ―SPB SPOT‖ toolbar in ArcGIS. The 
interface of ―Economic Impact Estimation‖ contains three tabs of ―Stand Parameters‖, 
―Financial Factors‖, and ―Product Information‖ (illustrated).  
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(A1) (A2) (A3) 
  
(B1) (B2) (B3) 
 
(C1) (C2) (C3) 
 
(D1) (D2) (D3) 
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Figure 5.4: GIS maps of the trends of SPB spot growth and shifting buffer strip for 
salvage operation in different levels of damage severity. (A1-3), (B1-3), (C1-3), and (D1-
3) represent for the extremely high, high, medium, and low levels of damage severity, 
respectively. The simulation is lasting 40 days. The polygons were used to mark the area 
of infestation and the related regions of buffer strip. These circles with different colors 
symbolize different attacked stages. [Note: SAL: the number of salvage trees. BA: the 
buffer strip (purple polygon). INF: the number of infested trees. AA: the affected area 
(yellow polygon). Green circle: the non-infested (live) tree. Lightly green circle: fresh 
attacked tree. Yellow circle: fresh attacked tree to developing beetle brood. Red circle: 
tree with developing beetle brood. Grey circle: inactive trees (no live beetle brood).] 
Here, only three maps were shown, Day 0, 20 and 40. Go to the following link to see 
more animations among the four levels of SPB infestation severity.  
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Figure 5.5: The ecological and economic impacts for four levels of damage severity. (A) 
ISA = 150. (B) ISA = 100. (C) ISA = 50. (D) ISA = 30. (Note: Upper: the combination 
number of infested and salvage trees. Lower: the number of infested trees. Base Area: the 
reference line for indicating the ultimate size of affected area without any salvage 
operation. Base Line: the reference line for indicating the ultimate number of infested 
trees without any salvage operation.) The difference between Lower and Upper is the 
number of the salvage trees. At the left side of black solid line, the time for salvage 
operation would be meaningful. At the left side of red solid line, the time for salvage 
operation would be meaningful to control both the number of infested trees and the size 
of affected area.  
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Figure 5.6: NPVs on final harvest ages for four levels of severity among three scenarios. 
(Note: WOSPB: the stands without SPB impact. SAL: the stands with salvage operation 
under SPB impact. NOSAL: the stands with SPB impact.) 
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Figure 5.7: The relative NPVs (%) in the SPB infestation stands with and without salvage 
operation to the NPVs (%) in the stands without SPB infestation. (Note: SAL: the stands 
with salvage operation under SPB impact. NOSPB: the stands with SPB impact.) 
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CHAPTER SIX 
THREE-DIMENSIONAL LANDSCAPE VISUALIZATIONS  
OF FOREST RESTORATION SCENARIOS  
FOR SOUTHERN PINE BEETLE INFESTED FORESTS 
 
ABSTRACT 
Setting appropriate goals for projects is a primary challenge facing forest 
restoration. Not only is it difficult to achieve complete restoration of an ecosystem, but 
deciding restoration goals when a diverse group of stakeholders are involved is very 
challenging. In this study, an integrated technique of geographic information systems 
(GIS), historic remotely sensed images, and three-dimensional (3-D) landscape 
visualization was used to construct a variety of realistic images and animations depicting 
effects following southern pine beetle (SPB) infestations based on several different forest 
restoration scenarios in the upper Piedmont of South Carolina. Alternative restoration 
scenarios examined included prescribed burning, mechanical thinning, and the combined 
effect of both. I also compared the effect of species mixtures of pure loblolly pine stands 
and mixed pine and hardwood stands within both the thinning and thinning + burning 
treatment. The results indicated that: 1) thinning treatment responded best (i.e., least 
damage) to SPB infestation in both pure pine stands and mixed forest stands, 2) the 
presence of other pine or hardwood species does not affect susceptibility to SPB but does 
alter the distance between susceptible trees, 3) the short-term effectiveness of prescribed 
burning was not obvious in my study, and 4) the thinning + burning treatment may have 
resulted in too much stress on tree vigor resulting in an increases stand susceptibility to 
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be attacked. In addition, the spatial trends of infestation were illustrated using photo-
realistic geographically visualized medium to simplify the complicated information. This 
resulted in improved representation and understanding of the SPB restoration scenarios. 
INTRODUCTION 
Disturbance plays a critical role in the composition and distribution of forest 
landscapes. However, some intensive and extended disturbances have accelerated soil 
erosion, fragmented forests, altered natural fire regimes, and promoted the loss of native 
species and their habitats (Noss and Copperrider, 1994; Heilman, et al. 2002). Those 
disturbances include logging, fire suppression, road building, live-stock grazing, mining, 
and exotic species invasions (Noss and Cooperrider, 1994; Ricketts et al., 1999; 
DellaSala et al., 2003). Forest scientists, managers, and related stakeholders have 
recognized that there is an urgent need to restore these damaged forest ecosystems. 
One of the primary challenges facing those attempting to implement restoration 
programs is determining the appropriate goals (Throop, 2004; Davis and Slobodkin, 
2004). Not only is it difficult to achieve complete restoration of a disturbed ecosystem 
(Lockwood and Pimm, 1999), but it is difficult to know its original state since there are 
seldom accurate historical records for determining the original ecosystem structure and 
composition (Hobbs, 2004). Deciding on restoration goals involves input from diverse 
stakeholder groups and other concerned publics (at the local, regional, and national 
levels). Additionally, policy makers also struggle to define a decision-making procedure 
(Higg, 1997). Therefore, in order to achieve meaningful involvement of diverse 
stakeholders, an open, inclusive, and transparent decision-making process with 
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recognition of and respect for differences should be developed (DellaSala et al., 
2003).The recognition and understanding of objectives, concepts, and management 
strategies for forest restoration should be clearly presented to both stakeholders and 
interest groups who often are not professionally trained or experienced in ecosystem 
dynamics or responses to management treatments (Mansourian, 2005; Meitner et al., 
2006).  
Over the past 30 years, advances in computer hardware and software have 
permitted managers and researchers to visualize the complex phenomena and dynamics 
of natural systems with a more perceptible and comprehensible computer-aided medium 
(Daniel and Meitner, 2001; Wang et al., 2006a). 3-D landscape visualization is one of the 
outstanding innovations resulting from this technological advancement. It can be used as 
a comprehensive medium to aid in providing lay audiences with a general sense of forest 
stand composition and structure, in illustrating the properties of geographic information 
systems (GIS) and remotely sensed images, and in visualizing the consequences of 
different restoration alternatives (Orland, 1994; McGaughey, 1998). In addition, 3-D 
landscape visualizations are quantitative information-based techniques that can be used to 
illustrate stand succession, landscape transformation, and regional planning outcomes 
(Song et al., 2006; Wang et al., 2006a). Visualizing the past, present, and future 
conditions of the forest landscape displays potential outcomes that are difficult to assess 
in the field and allows one to predict how forest landscapes will appear without temporal 
and spatial limitations (Orland, 1994; McGaughey, 1998; Song et al., 2006).  
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In this study, 3-D landscape visualization was used to generate realistic landscape 
restoration animations based on alternative management scenarios following southern 
pine beetle (SPB) infestations in the upper Piedmont of South Carolina. The SPB is one 
of the most aggressive and destructive insect pest of pines in the southeastern United 
States. Although all southern pines may serve as hosts for SPB, loblolly pine and 
shortleaf pine are considered the most susceptible (Coulson, 1980). From 1999 to 2003, 
outbreaks of SPB severely impacted pine forests in Alabama, Florida, Georgia, 
Kentucky, Tennessee, North Carolina, and South Carolina (Nowak et al., 2008). 
Increased susceptibility of forests in the southeastern U.S. is due to the following stand 
conditions: 1) dominated by loblolly and shortleaf pine; 2) littleleaf disease; 3) overly 
dense stands; and 4) poorly drained and eroded soil (Hedden and Billings 1979; Coulson 
1980; Moorhead et al. 2004; Fettig et al. 2007).Nearly a million acres of private and 
public forests were infested with an estimated $1 billion in economic losses (Nowak, 
2004). 
Because SPB infestations caused great loss of forest resources, strategies to 
mitigate damage and restore forest ecosystems to their pre-settlement conditions have 
been developed. Forest restoration can restore forest structure and function to a more 
natural or historical condition (Stanturf, 2004). The following are the treatments included 
in this study: 
(1) Thinning: Reduces stand density and relieves stresses related to competition and 
drought. Also, thinning can: a) remove more vulnerable hosts thereby increasing 
stand resistance to attack by SPB, b) change stand structure to prevent favorable 
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conditions for beetle outbreaks, and c) provide overall stand revitalization to 
reduce biological hazards that ultimately support bark beetle outbreaks (Belanger, 
1980; Edmonds et al., 2001).For overstocked stands mechanical thinning can 
maintain the balance of stand structure and composition to reduce the probability 
of SPB infestation (Nebeker et al., 1983; Brown et al., 1987; Van Lear et al., 
2004) 
(2) Prescribed burning: This is a popular silvicultural operation used to rehabilitate 
degraded forest ecosystems. It can: a) influence stand structure, b) alter species 
compositions, c) remove susceptible or low-vigor species, and d) mimic the role 
of natural fire in restoring forested landscapes (Wade et al., 1989; Pyne et al., 
1996; Edmonds et al., 2000; Fernandes and Botelho, 2003). Managers can control 
the frequency, intensity, and behavior of fire to achieve the desired impact on a 
stand. 
In this chapter, I create visualizations of a SPB infestation using foliage features, 
stereo viewsheds, and specially designed tree images for different SPB affected stages 
and tree species. As a case study in the upper Piedmont of South Carolina, I incorporate 
GIS databases and historic remotely sensed images to visualize 3-D landscapes before 
and after the 2002 SPB outbreak following thinning and burning restoration treatments. I 
also compare the effects of species compositions in stands (i.e., pure loblolly pine stands 
and mixed pine stands) under the thinning and thinning + burning management strategies 
to demonstrate these influences on forest restoration treatments and SPB disturbances. 
My objective is to develop visual communication media to deliver this complex 
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information to different stakeholder groups with varying needs and degrees of knowledge 
about forest restoration. I also delineate spatial and temporal changes in forest landscapes 
resulting from alternative forest restoration scenarios. 
METERIALS AND METHODS 
Study area 
The study area is located in the upper Piedmont of South Carolina, covering 
approximately 300 acres (Fig. 6.1) (1 acre = 0.4047 hectare) primarily in the Clemson 
Experimental Forest. Before the first Europeans settlements in 1790, the original 
landscape was covered by a mature, even-aged pine-oak-hickory dominated forest 
(McMinn and Ill, 1999). The predominant species were white oak (Quercus alba L.), red 
oak (Quercus falcate Michx.), hickory (Carya spp.), chestnut (Castanea dentate Borkh.), 
and southern pine species, including loblolly (Pinus taeda L.), shortleaf (Pinus echinata 
Mill.), and Virginia pine (Pinus virginianna Mill.) (Carroll et al., 2002; Van Lear et al., 
2004). Prior to the permanent European settlement, both Native American burning 
practices and lightning ignited fires having the characteristics of low-intensity and high-
frequency, were major influences on the vegetation of the upper Piedmont (Owen, 2002). 
From the late 18
th
 through early 20
th
 centuries, European settlement and intensive 
agricultural practices resulted in highly modified forest ecosystems that have been 
impacted by SPB in contemporary times (Neilson, 1989; Van Lear et al., 2004; K. Cox, 
personal communication, August 2007.). 
Accelerated soil erosion caused by poor agricultural practices resulted in 
significant loss of the soils capability to supply nutrients and moisture during droughts 
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(McMinn and Ill, 1999; Van Lear et al., 2004). In addition, fire suppression allowed 
open, fire-maintained stands to convert into overstocked stands containing many small-
diameter trees (McCullough et al., 1998; Harrington et al., 2000). For this study, the 2002 
SPB outbreak (Boyle et al., 2004), was taken as a case study. The affected area was 
approximately 150 acres located in the Clemson Experimental Forest (CEF) (Fig. 6.1). 
Six study sites were selected and managed under different restoration scenarios. The 
infested forests were primarily loblolly pine and mixed pine stands having high to 
extremely high stand densities (around 300 trees/acre) (Fig. 6.1). Mixed pine stands were 
dominated by loblolly pine mixed mainly with other southern pine species (i.e. shortleaf 
and Virginia pines) and with some hardwood species. 
Data sources and processing 
(1) A GIS database of disturbance history was obtained from the forest manager, K. 
Cox (personal communication, August 2007), for the Clemson Experimental 
Forest (CEF) and the biological scientist, R. Phillips (personal communication, 
April 2008), for the Forest Fire Surrogate conducted in the CEF. Dates of interest 
were 1999 to 2002. The GIS database provided stand data required as input 
parameters for landscape visualization. This included the number of trees per 
acre, the percentages of different species, DBH classes and average heights. 
Disturbance records provided the occurrence date, size of the affected area, and 
the number of trees killed in SPB infestations. 
(2) The Digital Elevation Model (DEM) is the base data layer for terrain modeling. 
The DEM files are based on a 30 by 30 meter sample grid and correspond to 7.5-
 125 
min quadrangle map series produced by the USGS (U.S. Geological Survey, 
1997).  
(3) Remotely sensed images were mainly collected from the ortho-rectified digital 
aerial photography coverage (Lillesand and Kiefer, 2000) of the entire study area 
for periods before 1999 and after 2002 the SPB infestation during the summer of 
2002 (Boyle et al., 2004).  
After gathering and georectifying the time-series images, they were classified 
using an objected-oriented approach following the USGS multiple land cover 
classification system (U.S. Geological Survey, 1997). Object-based classification allowed 
the images to be classified as: forest/tree cover, non-forest, road/building structure and 
water. This technique also simplifies the discrimination of land cover and enhances the 
practicality for landscape visualizations (Kok et al., 1999; Geneletti and Gorte, 2003; 
Dunbar et al., 2005).This approach was used to target both forest types (i.e., pure loblolly 
pine, mixed pine species, or other hardwood stands) and stand condition (i.e., healthy or 
infested). The pattern of disturbances (i.e., the degrees of severity, the locations and the 
trends of infestations) were delineated from time-series aerial photographs with the 
reference to infestation records from the GIS database. 
Development of 3-D landscape visualization 
(1) Creation of tree images: Realistic tree images of species are the most critical 
components for creating quality visualizations (Wang et al., 2006a). Because of 
the variety of tree features within individual species, as well as among species, 
multiple foliage images are needed to represent the variation. Tree images can be 
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photos taken in the field or designed digital images on a computer. In this study, 
computer-designed tree images were used and created through OnyxTree 
Professional (Onyx Computing Inc. 1992-2008, ). This 
approach allows the creation of realistic-looking tree images and provides a user-
friendly platform. In this study, I generated five categories of foliage images for 
pine species based on different SPB infestation stages and four foliage images for 
hardwood species (Fig. 6.2). 
(2) Visualization of 3-D forest landscape: A terrain-modeling software package, 
Visual Nature Studio (VNS) (3D Nature Inc. 991-2009, http://3dnature.com/), 
was used to construct 3-D landscape visualizations. VNS is a premium photo-
realistic and landscape-visualization software package. It was chosen for the 
following characteristics: 1) integration with georeferenced GIS datasets, 2) 
flexibility of land-cover development, and 3) use of raster and vector formats to 
render vegetation components (Dunbar et al., 2005). Because of these 
characteristics, the user can import terrain and land-cover data from numerous 
raster- and vector-based formats (i.e., ArcGIS Shapefiles, images and USGS data 
types) to generate vivid photo-realistic foliage images. 
A flowchart for generating 3-D landscape visualization is shown in Fig. 4.2. 
The details of generating the 3-D landscape visualizations have been discussed in 
the section, 3-D visualization of SPB spot growth, from Chapter Four. After 
attaching these ecosystem components to the corresponding landscape patches 
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and stands, I could then visualize various scenarios of SPB infestations under 
specified stand conditions.  
(3) Projection of 3-D visualizations among alternative restoration scenarios: In order 
to visualize forest restoration scenarios for SPB infested forests, I incorporate the 
DEMs, GIS maps (i.e., forest types and infestation patterns) and specified foliage 
images to visualize 3-D landscapes before and after the 2002 SPB outbreaks 
following the proposed restoration treatments (Fig. 4.2). Data from the National 
Fire and Fire Surrogate Study (FFS) (Weatherspoon, 2000; Phillips and Waldrop, 
2008) were used to compare treatments of thinning, prescribed burning, and the 
combination of thinning and burning with untreated control stand in terms of SPB 
infestation and subsequent developments. These four types of treatments were 
designed by the FFS, which is a nationwide study funded by the Joint Fire 
Science Program to assess how forest ecosystem components and processes are 
affected by both fire and fire surrogate treatments  (Weatherspoon 2000). In this 
study, four pure loblolly pine stands were selected for each of the treatments 
(indicated as PP_T, PP_B, PP_TB, and PP_C in Fig. 6.1) from the study area. 
The effects of species composition on SPB infestations were also addressed 
under both thinning and thinning + burning treatments. Two mixed pine stands 
were selected and indicated as MP_T and MP_TB (Fig. 6.1) to be compared with 
two of the pure loblolly pine stands selected earlier and indicated as PP_T and 
PP_TB in Fig.6.1, respectively. 
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In this study, I am interested in the visual comparison of SPB infestations 
among different restoration scenarios. The infestation patterns of the overstory 
horizontal arrangement and the variations of infestation severity were specially 
focused on the 3-D landscape visualizations. The regions outside of the affected 
stands were not visualized. 
RESULTS 
Comparisons of 3-D visualizations among alternative restoration scenarios 
Four treatments and two time periods of SPB infestations were visualized (Figs. 
6.3 and 6.4). These 3-D landscape visualizations clearly communicate the forest 
composition and structures, including species composition, stand densities, and the 
arrangement of patches, in a simple yet comprehensive manner to the audiences who are 
not familiar with the study area. The effects of restoration treatments for SPB infestation 
could be visually compared by combining the tabular infestation records, 2-D GIS maps 
with object-oriented classification, and realistic foliage images in the medium of 3-D 
landscape visualization.  
Through the comparison of SPB infestation effects among different treatments 
(Figs. 6.3 and 6.4), the following could be observed by those audiences without 
considerable training or experience with map reading and forest restoration. The most 
serious impacts occurred in the control stand. More than 85% of the stand was affected 
and about 70% of the stand was totally dead (Table 6.1). The existing loblolly pines were 
mostly killed and only hardwood species remained.  
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The second most serious impacts occurred in the thinning + burning treatment. 
Most of the loblolly pines (about 75%) were attacked, but the severity differed by stand 
locations (i.e., 64.38% of the stand was dead; 16.87% of the stand was moderately 
affected; 3.17% of the stand was slightly affected) (Table 6.1). The backside of the stand 
suffered the most serious damage, as shown by the grey foliage. This damage grew 
gradually less severe toward the front of the stand, as shown by the red to fading foliage 
(Fig. 6.4D).  
The stand receiving the thinning treatment suffered the least damage from SPB 
infestation. In this stand, there were more open spaces with minor attacks displayed as 
red foliages which were covering about 15% of the stand (Table 6.1). Most of the stand 
(about 75 %) was not affected.  
The prescribed burning treatment was also impacted by SPB infestations, 
although the damage was not as severe as within the stand subjected to the thinning and 
burning combination (Fig. 5.4C and Table 6.1). As a result, the spatial trends of 
infestation with diverse degrees of severity were revealed the locations (i.e., where would 
be attacked severely), the affected patterns (i.e., how it would correspond to the 
arrangement of forest landscapes), and the effects of restoration scenarios (i.e., which 
treatment could aid in the SPB infestation control). 
Comparisons of 3-D visualizations under different species compositions 
The effects of SPB infestation on stands having different species compositions 
were visualized in thinned stands (Fig. 6.5). These 3-D visualizations provide distinctions 
between pure pine stands and mixed pine stands with shades of green foliage (Fig. 6.5A, 
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6.5C). Subsequent to the SPB infestation there were no obvious differences in the thinned 
treatments among the pure and mixed stands (Table 6.1 and Fig. 6.5B, 6.5D). Only minor 
parts of the pine stands were attacked as shown by red foliage, and no area suffered 
severe damage (Fig. 6.5B, 6.5D). 
Conversely, the impacts of SPB infestation on pure and mixed pine stands were 
clearly different in the 3-D visualization when the stands were subjected to the thinning + 
burning treatment (Fig. 6.6A, 6.6C). The 3-D visualization of pure pine stand was more 
uniform and regular, while the 3-D visualization of the mixed pine stand was more 
diverse and fragmented. After the SPB outbreaks (Fig. 6.6B, 6.6D), the pure pine stand 
suffered severe damage throughout the landscape. In the mixed pine stand, however, the 
most severe damage was limited to those areas where loblolly pines were dominant, 
while other areas (approximately 65% of the forest, Table 6.1) were relatively unaffected 
by the infestation. 
By moving through these photo-realistic 3-D landscape visualizations before and 
after the 2002 SPB infestation (Figs. 6.3-6.6), the audiences can gain a perception of the 
various ecological communities within the study area, the structural impacts of the SPB 
infestation, and more generally, the ability of GIS maps to detect these changes. In 
addition, these geographical visualized representations combine the applications of GIS 
maps and visualization to precisely locate objects and visually represent the data. 
DISCUSSIONS AND FUTURE DIRECTIONS 
Visual evaluations of alternative restoration scenarios after SPB attacks were 
developed in this study. The damaged area, pattern of spread, and the SPB infestation 
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severity were successfully visualized. My results indicate that of the alternative 
restoration treatments examined, thinning treatments the responded best (i.e., least 
damage) from SPB infestation. While, from the comparisons of SPB infestation under 
different species composition, the presence of other pine or hardwood species does not 
affect tree susceptibility but does alter the distance between susceptible trees (Schowalter 
and Turchin, 1993).Although prescribed burning is frequently used to reduce competition 
in southern pine forests (Wade et al., 1989; Fettig et al., 2007), its short-term 
effectiveness was not obvious in our study. Specifically, the combination of thinning and 
burning may have resulted in too much stress for the stands prior to the SPB infestations. 
Therefore, further efforts and long-term studies on the relationship between prescribed 
burning and SPB damages are needed to understand these complex interactions (Boyle et 
al., 2004; Ayres et al., 2008; Xi et al., 2009). 
The technical accuracy of 3-D geographical representations and their 
correspondence to the real landscapes are essential when applying this visual computer-
aided technique to forest restoration management (Daniel and Meitner, 2001; Sheppard 
and Salter, 2004). Generally, accuracy depends on visual scale, and having proper 
resolution, extent, and quality of available data. Data quality also relies on the objectives 
and scale of the visualization (Wang et al., 2006; Salter et al., 2009). In this study, we 
focused on generating the stand scale visualization among different restoration 
treatments. The data required was accurate stem density, species composition, tree height, 
and tree condition. Stand scale visualization focuses on the vertical structure and 
dynamics of the stand, while landscape scale visualization focuses on horizontal 
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variations, spatial patterns, and landscape transformations (Dunbar et al., 2005; Wang et 
al., 2006). Although, I only developed overstory visualizations, understory cover, such as 
shrubs, herbs, and forest floor, should also be considered when visualizing a forest stand. 
Therefore, different studies focus on different visual scales to appropriately and 
efficiently represent the point and extent of the viewshed. In order to accurately and 
effectively generate forest visualization, one has to clearly define their objectives and 
subjects of interest to determine the appropriate visual scale (Paar et al., 2008; Wergles 
and Muhar, 2009). 
One of the most powerful applications of 3-D landscape visualization is 
visualizing the future conditions of the forest landscape to convey potential consequences 
of alternative restoration scenarios that are difficult to assess in the field (Meitner et al., 
2006; Chamberlian and Meitner, 2009). Based on historical remotely sensed images and a 
disturbance-based GIS database, this technique allows one to visualize the landscape 
before, during, and after an infestation. Although it is comparatively easy to collect the 
required remotely sensed data after infestations, precise disturbance records at the stand 
scale were not available for my study area. In the future, to generate landscape 
visualization of long-term recovery after infestation, one could rely on ecological 
restoration simulation models, such as LANDIS (Landscape Disturbance and Succession 
Simulation Model; He and Mladenoff, 1999), FVS (Forest Vegetation Simulator; 
Crookston and Stage, 1999), JABOWA (Northeastern Forest Growth Simulator; Botkin 
et al., 1972), and others. They can help predict the impacts and effects of disturbances 
and management strategies. However, there are many criteria and limitations that must be 
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considered when applying specific models since the output parameters may not meet the 
requirements for developing high quality visualizations (Ghadirian and Bishop, 2008; Xi 
et al., 2008). 
The integrated technique of creating 3-D landscape visualization with GIS 
databases and remotely sensed images improves the understanding and representations of 
complicated information with diverse spatial and temporal dimensions (Stotlman et al., 
2007; Allen and Madden, 2009). It can aid in improving the decision-making process by 
facilitating communications among scientists, managers, and the general public with 
diverse backgrounds (Seely et al., 2004; Sheppard and Meitner, 2005; Lange and Bishop 
2005). In the future, we will aim to strengthen the varying temporal and spatial 
visualizations to satisfy different study purposes. More reliable spatial data and 
appropriate ecological simulation models will be required to visualize landscape as our 
needs evolve through time.  
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Table 6.1: Summary of the restoration scenarios under different degrees of SPB 
infestation (percentage of the forest area). 
 
Scenarios 
 
Degrees of SPB infestation  
Dead 
Moderately 
affected 
Slightly 
affected 
Non 
affected 
Total 
(acre) 
Within pure loblolly pine stand 
   
 
  Control 69.23% 12.18% 4.75% 13.84% 12.19 
  Thinning 2.47% 6.3% 15.33% 75.67% 13.75 
  Thinning + Burning 64.38% 16.87% 3.17% 15.58% 8.64 
  Burning 20.41% 29.44% 26.84% 23.31% 12.97 
Within mixed pine stands 
    
 
  Thinning 3.26% 6.32% 18.69% 71.73% 11.34 
  Thinning + Burning 16.29% 3.77% 14.49% 65.45% 13.86 
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Figure 6.1: SPB infestation study locations in the Clemson Experimental Forest (CEF). 
Six study areas were spreading in the CEF where is located at the northeast of South 
Carolina. The definition of study area: PP_T indicates the pure loblolly pine stand under 
thinning treatment; MP_T indicates the mixed pine species stand under thinning 
treatment; PP_TB indicates pure loblolly pine stand under thinning + burning treatment; 
MP_TB indicates mixed pine species stand under thing + burning treatment; PP_B 
indicates pure loblolly pine stand under burning treatment; PP_C indicates the un-treated 
controlled stand.  
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Figure 6.2: Specific created tree images. (A) Pine species with green foliage in good 
condition. (B) Pine species with light green foliage under SPB freshly attack. (C) Pine 
species with brown foliage under intermediate conditions between SPB fresh attacks and 
developing beetle broods. (D) Pine species with red foliage subject to SPB developing 
beetle broods. (E) Pine species with grey foliage in dead condition. (F) The other 
southern pine species. (G) Wax myrtle (Myrica cerifera Small). (H) White oak (Quercus 
alba L.). (I) Sugar maple (Acer saccharum Marsh.). (J) Red oak (Quercus rubra L.).  
A. B. D. E.C.
F. G. I.H. J.
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Figure 6.3: 3D landscape visualizations among alternative restoration scenarios before 
2002 SPB infestation. (A) Controlled treatment. (B) Thinning treatment. (C) Prescribed 
burning treatment. (D) Thinning + burning treatment. The darker green foliages represent 
the dominant loblolly pines and the lighter green foliages represent other pine species. 
The brighter and yellowish green foliages represent the hardwood species.
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Figure 6.4: 3D landscape visualizations among alternative restoration scenarios after 
2002 SPB infestation. (A) Controlled treatment. (B) Thinning treatment. (C) Prescribed 
burning treatment. (D) Thinning + burning treatment. The red and brown foliages 
represent the affected trees and the images with little gray foliages represent the dead 
trees. 
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Figure 6.5: 3-D landscape visualizations of stands with different species composition 
subject to thinning treatment during two periods. (A) Pure loblolly pine stand before 2002 
SPB infestation. (B) Pure loblolly pine stand after 2002 SPB infestation. (C) Mixed pine 
species stand before 2002 SPB infestation. (D) Mixed pine species stand after 2002 SPB 
infestation.
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Figure 6.6: 3D landscape visualizations of stand different species composition subject to 
thinning + burning treatment during two periods. (A) Pure loblolly pine stand before 
2002 SPB infestation. (B) Pure loblolly pine stand after 2002 SPB infestation. (C) Mixed 
pine species stand before 2002 SPB infestation. (D) Mixed pine species stand after 2002 
SPB infestation. 
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CHAPTER SEVEN 
CONCLUSION 
 
CONCLUSIONS 
3-D visualization that incorporates a GIS database, remote sensing images, and 
simulation models can provide a more comprehensive, practical, and applicable approach 
for monitoring spatial pattern changes caused by forest disturbances. This integrated 
technique also improves the understanding and representations of complicated 
information with diverse spatial and temporal dimensions.  
In addition, the GIS-based SPB spot growth model, SPBSPOT, simulates trends 
of spot growth in detailed resolution in both spatial and temporal aspects (i.e., individual 
trees and daily change to attain spatial and temporal resolution, respectively). This model 
is organized as a series of subroutines to estimate the ecological impacts and economic 
evaluations of spot infestations and to allow users the flexibility to specify stand 
situations and design management scenarios for their individual needs.  
Consequently, SPBSPOT provides comprehensive and organized illustrations of 
SPB spot growth and incorporates with 3-D landscape visualizations to portray spatial 
and temporal changes resulting from different natural disturbances or management 
strategies. A well-organized technique is provided that can be used in translating complex 
information into a comprehensive medium that can enhance alternative management 
strategy evaluation. It can aid in improving the decision-making process by facilitating 
communications among scientists, managers, and the general public with diverse 
backgrounds.  
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SUMMARY 
(1) Silviculture treatments (e.g., thinning, stand species mixture, and stand restoration) 
can reduce impacts from SPB infestations. The reduction in stand density is shown 
to decrease the number of trees killed. However, the reduction in stand density 
does not necessarily result in a decrease of the affected area.  
(2) When implementing salvage operation in SPB infested stands, I found no 
relationship between the number of salvaged trees and the silviculture treatments 
or between the size of the buffer strip and the silviculture treatments.  
a. A positive relationship exists between the size of buffer strip and the number 
of salvaged trees, except when the spot becomes inactive.  
b. In a mature stand (i.e., 40-year-old stand), the effect of a salvage operation 
appears to be more prominent than in a young stand. There is no substantial 
effect of salvage operation on a young stand (i.e., 10-year-old stand) or a 
stand with a higher hardwood percentage (25-50%).  
(3) For different SPB damage severities, we provided evidence (i.e., the spatial spot 
growth simulation) to support the accepted idea that the implementing a salvage 
operation as soon as possible in high severity infestations is important 
economically, and leaving light severity infestations to become inactive by 
themselves is appropriate. 
(4) Salvage operations are usually effective if done within 20 days after the infestation 
is detected.  
a. Considering the economic effect, the optimal time for implementing salvage 
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is as soon as possible (≤ three days) for heavier infestation.  
b. In the long term (i.e., 15 to 25 years), the economic effect of salvage 
operation is not as important as in the short term (i.e., 5 to 10 years).  
c. The effectiveness of salvage operation is more prominent on the short term 
harvest benefit as the infestation is more serious. 
(5) Restoration treatment to SPB infestation.  
a. Thinning responded the best (i.e., least damage) to SPB infestation. 
b. The presence of other pine or hardwood species would not affect tree 
susceptibility but does alter the distance between susceptible trees. 
c. The short-term effectiveness of prescribed burning is not obvious in my study. 
d. The thinning + burning treatment may have resulted in too much stress on 
tree vigor to increase a stand’s susceptibility be attacked. 
FUTURE DIRECTIONS 
(1) SPBSPOT will be linked with other simulation models (i.e., LANDIS, FVS, 
JABOWA, etc.) and more available GIS database to predict the future patterns 
after SPB infestations in the long-term effects. 
(2) SPBSPOT will be applied on simulating the spatial patterns of other population 
dynamics, such as the mountain pine beetle, gypsy moth, and other bark beetles, by 
adjusting the spot growth model and the attacking mechanisms which will extend 
the understanding and study of the spot dispersal. 
(3) The quantitative analysis will be improved on the following topics: 
a. Whether the 3-D visualization (comparing to the text, tabular, or 2-D map) 
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could help the participants articulate more clearly their preferences for 
landscape conditions? 
b. Whether the 3-D visualization could increase the perception of multi-purpose, 
multi-temporal, and multi-spatial alternative forest management strategies? 
c. The accuracy of assessment (i.e., the ability of the simulation model to 
capture the essence or details of the scene) by comparing static views of the 
projected landscape visualization with known photorealistic viewpoints.  
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